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ABSTRACT

THE ROLE OF SULFATIDE IN THE DEVELOPMENT AND MAINTENANCE OF THE NODAL
AND PARANODAL DOMAINS OF THE PERIPHERAL NERVOUS SYSTEM

Heather Frances Herman

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science at
Virginia Commonwealth University

Virginia Commonwealth University, 2012

Mentor: Dr. Jeff Dupree
Assistant Professor, Department of Anatomy and Neurobiology

Sulfatide is a galactolipid and a major lipid component of the myelin sheath. Its production is
catalyzed by the enzyme cerebroside sulfotransferase (CST). To determine the functions of
sulfatide, the gene encoding CST was genetically disrupted resulting in mice incapable of
sulfatide synthesis. Using these mice, it has been shown in the central nervous system (CNS)
that sulfatide is essential for normal myelin synthesis and stability even though the onset of
myelination is not impaired. Additionally, proper initial clustering of paranodal proteins and
cluster maintenance of nodal proteins is impaired suggesting that paranodal domains are
important for long-term node stability. In contrast to the CNS, a requirement for sulfatide in the
initiation of myelination, and in initiation of paranodal and nodal clustering or in the long-term
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maintenance of these clusters in the peripheral nervous system (PNS) has not been analyzed.
Therefore, we have employed a combination of electron microscopic, immunocytochemical, and
confocal microscopic analyses of the CST KO mice to determine the role of sulfatide in PNS
myelination and onset of protein domain formation and maintenance. For these studies we have
quantified myelin thickness, paranodal structural integrity, and the number of paranodal and
nodal protein clusters in the CST KO and wild type mice at 4 days, 7 days, and 10 months of
age. Our findings indicate that myelination onset is not delayed in the absence of sulfatide and
that both the node and paranode are grossly normal; however, closer analysis reveals that
paranodal junctions are compromised, Schwann cell microvilli are disoriented and the myelinaxon interface along the internodal region is transiently disrupted. In addition, we report that the
paranodal myelin protein neurofascin 155 (Nfasc155) shows a transient decrease in initial
clustering in the CST null mice at 4 days of age that is restored to WT levels by 7 days of age
that is also maintained in the adult mice. Whereas nodal clustering of neuronal voltage-gated
sodium channels is initially normal, cluster number is significantly but also transiently reduced
by 7 days of age. By 10 months of age, the number of sodium channel clusters is restored to
normal levels. In contrast, clustering of neither the paranodal neuronal protein contactin nor the
myelin nodal protein gliomedin is altered at any of the ages studied. Together our findings
suggest that sulfatide is not essential for PNS myelination or for protein domain formation in
contrast to its more vital role in the development and maintenance of the CNS.

1

INTRODUCTION

Communication in the nervous system
Neuronal communication is the foundation of the integration of the central and peripheral
nervous systems (CNS and PNS, respectively). For instance, in the case of a painful stimulus,
sensory information is perceived by pain receptors associated with the PNS and relayed through
peripheral processes of neurons of dorsal root ganglia and into the CNS by the central processes
of these nerve cells. This sensory information is then processed resulting in the appropriate
response that is then sent, via neuron-to-neuron connections, through the spinal cord to somatic
motor neurons mediating the action of skeletal muscles required to remove the painful stimulus.

Presently, our knowledge is limited regarding the mechanisms that regulate the establishment
and maintenance of the intercellular connections that are required to ensure the rapid, efficient,
and appropriate communication for a functioning nervous system. In the Introduction of this
thesis, I will briefly summarize the current thoughts regarding these mechanisms and I will
conclude the Introduction by providing the rationale for my investigation of a factor, known as
sulfatide, that may play a significant role in establishing and maintaining intercellular
communication within the peripheral nervous system.

The neuron
A neuron, the basic nerve cell of both the peripheral and central nervous systems responsible for
mediating communication within and between systems, is composed of three main entities: 1)
dendrites, an arboreal group of processes that receive chemical information from the pre-synaptic
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neuron, 2) the cell body or soma that processes and converts the information from a chemical to
an electrical signal, and 3) an axon, a single extension down which the electrical information
travels to the post-synaptic neuron (Ho & Rasband, 2010). Information that reaches the soma
can be either excitatory or inhibitory, and a proper threshold of excitation must be achieved in
order for the electrical action potential to occur (a more in-depth explanation of this phenomenon
follows in “Action potentials” below). Signal propagation is uni-directional along the neuron
due to the delayed re-activation of the sodium channels in the refractory period of the action
potential. Since the driving force for sodium is very low in the hyperpolarization phase, it will
take time for the influx of sodium ions to become strong enough to depolarize the cell back to
resting potential.

Action potentials
Action potentials (AP) are the electrical message sent along CNS and PNS axons to downstream
targets. These electrical messages are propagated by changes in the polarity of the axonal
membrane, which is mediated by the opening of ion channels. The two ion channel types largely
responsible for the continued propagation of the AP are voltage-gated sodium (Nav) channels and
voltage-gated potassium (Kv) channels.

A neuron has a membrane potential (Vm) of about -70mV. “Membrane potential” is defined as
the difference in electrical potential between the inside and the outside of a biological cell. The
threshold of an action potential is about -55 mV, meaning that if the cell is depolarized enough
by summated nerve impulses to reach -55 mV, an action potential will be produced. When an
action potential is triggered, sodium channels open and an influx of sodium ions takes place in
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what is called the “rising phase” of the action potential. A positive feedback loop results; i.e.,
sodium ions depolarize the membrane which causes more sodium ions to enter the cell and the
membrane potential to be further depolarized.

The continued depolarization of the cell

membrane largely increases both the driving force of Vm towards sodium and the permeability of
the sodium channels, thus allowing more sodium ions to enter the cell, and so on. This cycle
continues until Vm nearly reaches ENa, around +50 mV (Hodgkin & Huxley, 1990).

ENa

represents the equilibrium potential of, in this case, the sodium ion. The equilibrium potential of
an ion is the voltage at which the concentration of the ion inside the cell is equal to that outside
of the cell.

As the voltage approaches ENa, the permeability of sodium channels relative to potassium
channels is reduced; the driving force of Vm is decreased for sodium ions but increased for
potassium ions; and the Kvch open to allow for an efflux of potassium ions. The AP is now in
the “falling phase”. As with the sodium ions, a similar positive feedback loop occurs with the
potassium ions, and the cell’s membrane potential is repolarized back towards -65 mV. In
contrast to sodium, where ENa is approached but not reached, EK (around -80 mV) is not only
reached but exceeded as Vm reaches about -85 mV, an event termed “hyperpolarization”
(Hodgkin & Huxley, 1990).

Hyperpolarization occurs due to 1) the unusually large permeability of the potassium channels,
2) the driving force of the cell membrane for potassium ions, and 3) the number of potassium
channels open at different times during the action potential in response to an influx of calcium
ions. Immediately following the hyperpolarization phase, sodium channels are in an inactivated
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state and are unable to open to depolarize the membrane; this phase is termed the “refractory
period”. As the refractory period ends and potassium channels begin to close, sodium channels
open and sodium ions begin to enter the cell, bringing Vm back to -65 mV. The cell is now ready
for a subsequent action potential. Regarding propagation of the action potential down the length
of the axon, the initial depolarization from the sodium ion influx is spread in a wave to adjacent
sections of the axon, and if it is strong enough to reach the proper threshold of -55 mV, action
potentials are initiated at these neighboring points (Hodgkin & Huxley, 1990).

Myelin
The importance of maintaining rapid and efficient conduction is best understood in the context of
disease, where damage to a nerve results in the interruption of signal transduction, which can
manifest in the form of blindness, tremors, or any number of other symptoms.

A major

evolutionary adaptation to ensure rapid and efficient conduction in the non-disease and noninjured state is the formation of insulating myelin sheaths.

There are two types of cells responsible for the formation of myelin. Oligodendrocytes are the
myelinating cells of the CNS and can extend processes to as many as 50 axonal segments
(Baumann & Pham-Dinh, 2001). Schwann cells are responsible for myelination in the PNS but
these cells myelinate only one axonal segment (Jessen & Mirsky, 2005).

Myelin, a portion of white matter, is a lipid-rich substance that functions to increase the
conduction speed of action potentials down the length of an axon. Myelin is comprised of 70%
lipid and 30% protein (Garbay et al., 2000). White matter contains only 40% water content
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while gray matter contains 80% water content; this low water content enhances the ability of
myelin to act as an insulating substance (Baumann & Pham-Dinh, 2001). White matter is
composed of myelinated axons, glial cells, and blood vessels. Myelin composes approximately
50% of the dry weight of white matter. Grey matter contains predominantly nerve cell bodies
with dendritic networks, though it also includes glial cells such as microglia and astrocytes
(Morell et al., 1994). The high resistance and low conductivity of the myelin sheath are due to
the high lipid content of myelin; these properties act to minimize the transmembrane ion leak
current during the action potential. In all, myelination maximizes the quality of the electrical
message by minimizing energy, time, and space, as is seen with non-myelinated axons that have
what compares to a 10- to 100-fold decrease in conduction velocity (Hartline & Colman, 2007;
Nave, 2010) due to a lack of this non-conductive insulation.

A second notable difference between myelinated and non-myelinated axons is the location of the
voltage-gated sodium channels. Myelin is applied to the axon in intervals. On myelinated
axons, the sodium channels are concentrated at what are known as the nodes of Ranvier, the
areas of the axon that are devoid of myelin (though in the PNS, the node is not entirely myelinfree; this point is covered in the “Axonal Domains: Nodes of Ranvier” section). Grouping the
sodium channels in this fashion results in a “jumping” of the charge from one node to the next
which is termed “saltatory conductance” (Latin, saltare, “to jump”). This ability of the charge to
skip distance largely increases speed of the message travel (Salzer, 1997). Due to the lack of
myelination, this advantage is one the non-myelinated axons do not share, and so the conduction
speed is much slower as previously noted.
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CNS Myelin
In the CNS, myelin is a multilamellar structure that is formed by the extension of a membranous
process of the oligodendrocyte. Initially, this process contains cytoplasm but as the process
continues to wrap, the cytoplasm is extruded resulting in the close apposition of both
intracellular and extracellular membrane surfaces. Close apposition of the extracellular surfaces
of concentric membranes results in the formation of the intraperiod line (IPL) and close
apposition of the cytoplasmic surfaces results in the formation of the major dense line (MDL)
(Quarles, 2002; Quarles, 2002; Revel & Hamilton, 1969; Revel & Hamilton, 1969). In areas of
the IPL, particularly those closest to the inner tongue, or extension of the oligodendrocyte that is
in contact with the axon, there are thickenings of the IPL that occur in groups and arrange
radially, at a right angle to the lamellae. These groupings are termed the “radial component”
(Peters, 1961). In the CNS, apposing extracellular leaflets are separated by 2.0 nm and the
periodicity, or distance from dense line to dense line, is 13-14 nm (Trapp & Kidd 2004).

As previously mentioned, the dry mass of myelin is composed of 70% lipids and 30% protein.
The lipid content in both CNS and PNS myelin is comprised of cholesterol, glycolipids, and
phospholipids.

In the CNS, cholesterol comprises about 30% of the total lipid weight,

glycolipids comprise just less than 30% of total lipid weight, and phospholipids comprise slightly
more than 40% of the total lipid weight (Morell et al., 1994).

The glycolipids are a

heterogeneous group of lipids but the most abundant members of this lipid group are the
galactolipids, which are comprised primarily of galactocerebroside (GalC, and also known as
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galactosylceramide) and sulfogalactosylceramides (also known as sulfatides). GalC comprises
approximately 23% of the myelin lipids while sulfatide comprises about 4%.

The formation and maintenance of the MDL and IPL are primarily attributed to specific proteins
of myelin; however, in mice that lack specific myelin lipids such as the galactolipids listed
above, both the MDL and IPL are compromised. The proteins that comprise CNS myelin are
covered below.

Proteolipid protein (PLP) and its differentially spliced form known as DM20 are localized at
internodal myelin; in combination with myelin basic protein (MBP), these proteins comprise
approximately 80% of CNS myelin protein content with both having roles in the compaction of
myelin (Baumann & Pham-Dinh, 2001; Maier, et al., 2008). PLP/DM20 is thought to be
involved with adhesion of the IPL while MBP works to create the MDL.

The role of PLP/DM20 can be observed through a mouse model lacking both PLP and DM20
(Stecca et al., 2000) and a mouse model expressing exclusively DM20 (Sporkel et al., 2002).
The PLP-/DM20- mouse showed deficiencies in the IPL which translated into a 50% reduction in
conduction velocity and impaired neuromotor coordination. Smaller-diameter axons were un- or
hypomyelinated. Oligodendrocytes matured normally; however, cell mosaicism was seen in the
heterozygotic mice as a result of random X chromosome inactivation as PLP/DM20 is expressed
on the X chromosome.

This mosaicism was illustrated by the co-expression of regularly

myelinated axons with loosely myelinated axons (Boison & Stoffel, 1994).
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In the dm20only mouse, Sporkel et al. found that the expression of other myelin gene products
(mag, mog, cgt, mbp, omgp) was not affected. The myelin periodicity in the dm20only mutant was
comparable to the wt. The dm20only mutant mice showed cytoplasmic inclusions in the compact
myelin however, which may point to future axonal or myelin degeneration, though little of either
was seen even after two years (Sporkel et al., 2002). Careful analysis of the periodicity led this
group to conclude that DM20 can substitute fully for PLP and maintain periodicity, but the work
of Stecca et al. (2000) argues this point.

Their work showed that the neurodegenerative

pathology and progressive motor decline of the dm20only mutant mirrored that of the PLP/DM20
knockout mutant (Stecca et al., 2000). It is noteworthy that the two groups compared similar age
groups but used differing gene targeting methods to obtain their dm20-only mutants.
Concerning formation of the MDL, the function of MBP was confirmed with analysis of the
dysmyelinating shiverer (shi) mutant (Molineaux et al., 1986), which lacks synthesis of MBP in
both the PNS and CNS (Dupouey et al., 1979; Mikoshiba, et al., 1981). MBP constitutes as
much as 30% of CNS total myelin protein; it is more correctly a family of proteins (Campagnoni
& Macklin, 1988). The shi mutant produces hypomyelination, reduced numbers of lamellae,
myelin breakdown, and a characteristic absence of MDL (Privat et al., 1979; Rosenbluth, 1980a).

Located in the myelin periaxonal collar, which is the first wrap of the glial sheath and typically is
not compacted, myelin associated glycoprotein (MAG) comprises 1% of the CNS myelin
protein. MAG is a 100kD Ig-like adhesion molecule expressed by myelinating glia cells (Trapp,
1990). MAG is localized to the SLI, periaxonal membranes, paranodal membranes, and the
outer mesaxon of the myelin sheath in both the CNS and PNS (Trapp & Quarles, 1982; Trapp et
al., 1989). The presence of MAG in non-compact myelin indicates that a role of MAG may be
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the prevention of myelin compaction, and so, the maintenance of these non-compact, cytoplasmcontaining areas (Li et al., 1994; Trapp & Quarles, 1982). Due to the size of the extracellular
domain of MAG, all membranes enriched in MAG appose other membranes by a gap of 12-14
nm which is complemented by the observation of a gap of only 2 nm between compacted myelin
membranes, which do not express MAG (Trapp, 1990).
Due to alternative splicing, MAG comes in two forms, 67kDa small MAG (S-MAG) and 72kDa
large MAG (L-MAG) (Frail & Braun, 1984). In the CNS, L-MAG is seen in the early and the
active stages of myelination, whereas S-MAG is seen in later mature stages. It has also been
observed that L-MAG labels in oligodendrocytes that myelinate numerous smaller diameter
axons, while S-MAG labels at highest concentration in oligodendrocytes that myelinate a few
larger diameter axons (Butt et al., 1998).

L-MAG is the predominant form of MAG in the CNS during active myelin formation; however,
after peak myelin formation, S-MAG replaces L-MAG as the dominant form. In contrast, SMAG is the dominant isoform in the PNS, at all developmental stages, comprising 95% of total
MAG content (Trapp et al., 1989).

Consistent with the expression patterns of the MAG

isoforms, Fujita et al. (1998) showed that L-MAG is critical to the CNS, while S-MAG
expression is sufficient to maintain integrity of the PNS (Fujita et al., 1998).

MAG contains about 30% carbohydrate (dry weight). MAG expresses a carbohydrate epitope
(L2/HNK-1) as do the Ig-like CAMs N-CAM and L1, two molecules that have been shown to
mediate calcium-independent adhesion among neural cells (Kruse et al., 1984).

The

carbohydrate epitope is expressed on glycolipids, glycoproteins, and glycosaminoglycans
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(Quarles, 2007), which implies that MAG may play a role in myelin-axon adhesion. More
information on this role is provided in the “Axonal Domains: Internode” section.

Myelin/oligodendrocyte glycoprotein (MOG), a more minor glycoprotein in CNS myelin, is
located on the outermost lamellae of compact myelin sheaths as well as on the plasma membrane
of oligodendrocytes (Brunner et al., 1989). A potential role for MOG includes interacting with
the extracellular matrix (Maier et al., 2008). MOG is a 26-28 kDa glycoprotein and a member of
the Ig super family (IgSF), containing one Ig-like domain as well as one site for N-linked
glycosylation.

MOG bears an HNK-1/L2 glycan epitope as do P0 and MAG, also IgSF

members. Being localized to the outer edge of the membrane, the Ig-like domain of MOG would
protrude into the extracellular environment, providing ample opportunity for protein-protein
interaction. It is interesting to note that there are other HNK-1 carbohydrate binding proteins
present in the CNS extracellular matrix such as laminins and proteoglycans (Quarles, 2002).

PNS Myelin
In contrast to the CNS, apposing extracellular leaflets in the PNS are separated by 2.5 nm and the
periodicity, or distance from dense line to dense line, is slightly larger than 13-14 nm (Trapp &
Kidd 2004). The differences in distance between the MDL and IPL of the CNS and the PNS are
due to the size of the extracellular domain and orientation of the respective proteins in the
membrane.
In the areas of non-compact myelin, Schmidt-Lanterman incisures (SLI) are concentrations of
Schwann cell cytoplasm that spiral from the outer layer of myelin to the inner layer, forming a
continuous conduit in which small proteins and molecules can travel from the outer edges of the
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myelin sheath to the inner and lateral regions of sheath including the nodal and paranodal areas
(Kamasawa et al., 2005; Mugnaini et al., 1977). Gap junctions are located within these incisures,
and it has been shown via intracellular fluorescent dye injection that these gap junctions create a
significantly faster pathway for radial travel through the myelin sheath to the axon (BaliceGordon et al., 1998).

In compact myelin, concentric layers of the myelin sheath are separated by tight junctions (Maier
et al., 2008). In the internodal region, layers are observed to arrange at a right angle to the axon;
the resulting structure is termed the radial component (Roberston, 1960).

Surrounding all

internodes of each PNS myelinated axon is the basal lamina. The basal lamina is the internal
domain of the basement membrane and contains extracellular matrix proteins such as laminin
heterotrimers, collagen type IV, and proteoglycans such as syndecans. The basal lamina forms
around immature Schwann cells (Jessen & Mirsky, 2005), and mature Schwann cells will form a
basal lamina as they ensheath and myelinate a single axon (Bunge, 1993), though the basal
lamina has been shown to not be an absolute requirement for myelination to occur (Nakagawa et
al., 2001).

Similar to the CNS, lipids account for 72-78% of the dry weight of PNS myelin though the exact
compositions differ.

Depending on tissue preparation and analysis methods, cholesterol is

calculated to comprise 20-40% of the total PNS lipids, galactolipids account for 14-33% of the
total lipid (12-26% comprised by Gal-C and 2-7% comprised by the sulfated form of Gal-C or
sulfatide), while phospholipids represent between 40-60% of the PNS myelin lipids (Baumann &
Pham-Dinh, 2001; Garbay et al., 2000).
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Also similar to the CNS, there are multiple proteins that comprise PNS myelin. The CNS and
PNS myelin share some of the same myelin proteins; however, there are PNS myelin proteins
that are not found in the CNS. Protein zero (P0) is a 30 kDa transmembrane protein with one site
for N-linked glycosylation. P0 accounts for 50-70% of the total protein in PNS compact myelin
(Quarles, 2002). P0 is a tetramer and interacts homophilically (Filbin et al., 1990) to stabilize the
IPL of the PNS compact myelin. Ding et al. (1999) proposed that the positively-charged, Ig-like
cytoplasmic domain of P0 also plays a role in compact myelin stabilization with regards to the
MDL when they found that the intracellular domain of P0 bound to artificial phospholipid
vesicles containing negatively charged lipids and caused aggregation of the membranes (Ding &
Brunden, 1994).

Genetic mutations in P0 cause a number of conditions. P0 missense mutations cause a variety of
human peripheral neuropathies such as Charcot-Marie Tooth disease Type 1B, Dejerine-Sottas
syndrome (DSS), congenital hypomyelination, and hereditary neuropathy with liability to
pressure palsies (HNPP; (De Jonghe et al., 1997; Warner et al., 1996). On the other end of the
spectrum, Wrabetz et al. (2000) used transgenic mice overexpressing P0 by 30% (Tg80.3; gene
copy number of 2 versus 0 for WT) to 700% (Tg80.2; gene copy number of 31 versus 0 for WT)
and found that the varied overexpression produced a dose-dependent, dysmyelinating
neuropathy, ranging from transient perinatal hypomyelination in Tg80.3 mice to arrested
myelination, severely impaired conduction velocity, and impaired axonal sorting by Schwann
cells in the Tg80.2 mice (Wrabetz et al., 2000).
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Peripheral Myelin Protein (PMP)-22 is, as the name suggests, a 22 kDa hydrophobic, tetraspan
protein which also contains a site for N-linked glycosylation and comprises less than 5% of the
PNS myelin protein. The expression pattern of PMP-22 is synchronous with myelin formation
and it localizes predominantly in the compact myelin sheath (Kuhn et al., 1993; Snipes et al.,
1992).

D’Urso et al. (1999) showed that PMP-22, in vitro and in vivo, formed complexes with P0 at the
myelin membrane, and that glycosylation does not play a role in the interaction (D'Urso et al.,
1999). Therefore, a proposed function of PMP-22 is to assist P0 in the stabilization of compact
myelin. Support for this partnership can be seen in the Trembler and the Trembler J murine
models (Suter et al., 1992a; Suter et al., 1992b), which model PMP-22 point mutations found in
the human peripheral neuropathies DSS and Charcot-Marie Tooth disease type 1A (CMT1A),
respectively (Ionasescu et al., 1997; Valentijn et al., 1992). It is noteworthy that while CMT1A
is caused by a duplication of PMP-22 (Matsunami et al., 1992; Patel et al., 1992), HNPP is
caused by a deletion of the same protein (Nicholson et al., 1994), which underlines the
importance of gene dosage (Lupski et al., 1993).

MBP and MAG are also found in PNS myelin, though in significantly lower concentrations than
in the CNS myelin. MBP comprises 5-15% of total myelin protein (Garbay et al., 2000). Unlike
the integral role that MBP plays in the formation of CNS compact myelin, absence of MBP in
the PNS does not result in a significant loss of quality or quantity of the myelin MDL/IPL
periodicity (Kirschner & Ganser, 1980; Rosenbluth, 1980b).
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Martini et al. (1995) hypothesized that P0 compensates for the lack of MBP. Using a double KO
of P0 and MBP, this group observed that the P0--/MBP-- mice had severely hypomyelinated
fibers that were completely devoid of MDL. Analyzing the P0++/MBP—mice, P0+-/MBP++ mice,
and P0+-/MBP-- mice revealed that one copy of P0 is sufficient for MDL formation (Martini et
al., 1995). It is known that MBP appears later in the myelination process than P0, whereas P0
can be detected when the 1:1 Schwann cell (SC):axon ratio has been established (Hahn et al.,
1987a; Hahn et al., 1987b). In the P0--/MBP++ mice, formed MDL were seen at the inner myelin
lamellae; i.e., the later-formed sheath, whereas the P0++/MBP-- mice showed formation of MDL
at the outer myelin lamellae; i.e., the earlier-formed sheath. The temporal differentiation of the
proteins and the study results suggest that P0 is important for the early formation of the MDL
while MBP is integral to the maintenance and stabilization of the MDL (Martini et al., 1995).

Another mouse model concerning P0 concludes that P0 induces formation of SLI. Though SLI
are predominantly found in the PNS, Yin et al. (2008) replaced PLP (in CNS optic nerve) with
P0 and saw the formation of SLI. They also confirmed with MAG-null and PLP-null sciatic
nerves that SLI were present and that these proteins were not involved in incisure formation. It
is known that about 440 million years ago, P0 was the primary structural protein of both the CNS
and PNS (Waehneldt et al., 1986). PLP appeared about 400 million years ago, and at about 300
million years ago, P0 and PLP moved from showing co-expression in the CNS to their exclusive
roles in the PNS and CNS, respectively (Yoshida & Colman, 1996). Earlier work by Yin et al.
(2006) found that P0, when replacing PLP in the CNS, 1) conferred highly regular and compact
PNS-like structure to CNS myelin, and 2) caused the lifespan of the mutant mice to decrease by
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50% due to increased axonal degeneration. Therefore it was concluded that the evolutionary step
conferred a neuroprotective effect on the development of CNS axons and glia (Yin et al., 2006).

MAG comprises about 0.1% of the PNS myelin protein (Baumann & Pham-Dinh, 2001; Quarles,
2002; Quarles, 2005). MAG is not found in compact myelin but instead in the internodal
membranes of myelin sheath and shares roles similar to those of the MAG found in CNS myelin;
namely, regulation of neurite outgrowth and maintenance of axon-myelin adhesion and integrity
(Garbay et al., 2000). Additional information on MAG is presented in the “Axonal Domains:
Internode” section.

Axonal Domains
Both PNS and CNS axons establish domains that are molecularly and anatomically distinct.
Anatomically, these domains can be divided into domains of the myelinated region of the axon
and domains of the unmyelinated regions. With regard to the unmyelinated regions, the axon has
a domain that is immediately adjacent to the cell body. This region is known as the axonal initial
segment (AIS). The length of the AIS ranges between 20-25 μm (Clark et al. 2009) and it is in
the AIS that the inhibitory and excitatory signals are summated to determine whether an action
potential is generated. Unlike the other axonal domains, each axon only has a single AIS. The
other ummyelinated region of the axon is known as the node of Ranvier. The nodes of Ranvier
are regularly located along the axon between the segments of myelin. The axonal regions
located between the nodes of Ranvier are appropriately named the internodal regions, which are
further subdivided into the paranode, the juxtaparanode and the internode proper.
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Node of Ranvier
Between adjacent segments of myelin sheaths, short regions of the axon are left uncovered by
myelin. These myelin-bare regions are known as the nodes of Ranvier. The node of Ranvier is
the location of concentrated voltage-gated sodium (Nav) channels in the axon.

The node

measures 1-2μm in length (Salzer, 1997) and the density of Navch can be around 1000-1500
channels/μm2 which corresponds to similar numbers of intramembranous particles (IMP) found
in the nodal region (Black et al., 1976). In contrast, the internode, which can measure 1.5mm or
more (Salzer, 1997; Shrager, 1987), contains only about 1/25 the nodal density of Navch;
however, given its length, it contains at least 40 times the nodal quantity of Na vch (Black et al.,
1990; Kazarinova-Noyes & Shrager, 2002; Shrager, 1987; Tao-Cheng & Rosenbluth1980).

Voltage-gated sodium channels form heteromultimeric complexes with a 260 kDa α subunit and
two β subunits, the interaction of which forms a protein-protein interaction with ankyrinG (ankG;
(Isom et al., 1995; Lemaillet et al., 2003; Malhotra et al., 2000)). The β1 subunit is thought to
allow a direct interaction between Navch and the clusters of NrCAM and Nfasc186 (Ratcliffe et
al., 2001). The family of Navch is extensive; the CNS contains the isoforms Nav1.1 (found at
nodes and the AIS), Nav1.2 (unmyelinated fibers), Nav1.3 (cell soma), and Nav1.6 (nodes and
AIS of myelinated fibers). The PNS expresses the isoforms Nav1.2, Nav1.4 (skeletal muscle),
Nav1.5 (skeletal muscle and heart), Nav1.6, Nav1.7 (unmyelinated fibers, dorsal root ganglion
(DRG), and sympathetic ganglion neurons), Nav1.8 (nociceptors), and Nav1.9 (sensory neurons
of DRG and trigeminal ganglion) (Akopian et al., 1999; Caldwell et al., 2000; Goldin, 2001;
Hoeijmakers et al., 2012; Kallen et al., 1990; Trimmer et al., 1989; Yu & Catterall, 2003).
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The isoform seen predominantly at both CNS and PNS nodes is Nav1.6 (Caldwell et al., 2000).
It was shown in both optic nerve and sciatic nerve that Nav1.2 are present early in development
(as defined by immunolabeling of Caspr in the paranode; Caspr will be covered in the
“Paranode” section) on unmyelinated axons but as the axon matures and the myelin becomes
compacted, there is a switch in subtype. In the CNS, Nav1.2 switches to Nav1.6 (Boiko et al.,
2001; Kaplan et al., 2001). In the PNS, it has been shown that, in contrast to the CNS, Nav1.6 is
present in the nodal clusters during early myelination and by post-natal day (P) 4, is the
predominant Navch isoform in the node (Schafer et al., 2006).

The Shiverer mouse is a model with a mutation in the MBP gene that leads to deficiencies in
myelin compaction (Inoue et al., 1981; Rosenbluth, 1981). Work done with this model shows
that in the hypomyelinated optic nerve regions of this mouse, overall Navch clustering is
decreased with aberrant localization (Rasband et al., 1999) but expression of Nav1.2 is increased
in the mature axon with levels that compare to that of an unmyelinated, immature axon. This
increase in Nav1.2 concentration may actually reflect a lack of decrease in Nav1.2 that
accompanies myelin compaction (Boiko et al., 2001).

Ankyrins are a family of spectrin-binding proteins that anchor proteins to the membrane skeleton
(Bennett et al., 1991; Lambert et al., 1997). AnkR was first isolated from human erythrocytes
and is located in the cerebellum, the spinal cord, and in a minor subset of hippocampal neurons
(Bennett et al., 1991).
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AnkB presents as two differentially spliced isoforms at 220 kDa and 440 kDa (Otto et al., 1991).
The 440 kDa protein is targeted to unmyelinated and premyelinated axons (Kunimoto et al.,
1991). AnkB has been shown to target βII spectrin to anchor proteins in the paranodal region of
the optic nerve, as well as to co-localize with Caspr and flank nodal βIV spectrin, also in the
paranode (Ogawa et al., 2006).

AnkG exists at the node of Ranvier and in the AIS as two isoforms, 270 kDa and 480 kDa
(Kordeli et al., 1995). Similar to its family members, AnkG is a cytoskeletal adaptor protein
which anchors axoglial proteins (Garrido et al., 2003; Lemaillet et al., 2003) to scaffolding
proteins such as βIV spectrin, which then acts as a link to the actin cytoskeleton (Lemaillet et al.,
2003). Komada and Soriano (2002) show the interdependence of β-spectrin and AnkG. In βspectrin-null neurons, neither AnkG nor Navch are properly clustered at the nodes of Ranvier or
at the AIS. In AnkG-null neurons, β-spectrin is not localized to those sites (Komada & Soriano,
2002).

AnkG binds in cis with Navch (Srinivasan et al., 1988), as well as the L1 cell adhesion molecule
(L1CAM; (Hortsch, 1996)) family members neuronal neurofascin 186 (Nfasc186) and neuronalrelated cell adhesion molecule (NrCAM) (Bennett & Lambert, 1999; Davis & Bennett, 1994),
through which AnkG binds a conserved binding sequence (FIGQY; Zhang et al., 1998). Navch,
Nfasc186, and NrCAM all bind to ankG through their cytoplasmic domains (Davis et al., 1996).
Nfasc186 and NrCAM bind in trans with the glial protein gliomedin (Eshed et al., 2005) to
complete the nodal axoglial complex.
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Neurofascin was first isolated in the chicken brain (Hassel et al., 1997) and is a member of the
L1 subgroup of the Immunoglobin Super Family (IgSF). All IgSF members contain a 70-110
amino acid Ig characteristic “fold” comprised of a sandwich of two anti-parallel beta sheets that
contain multiple cysteine residues for the formation of disulfide bonds. They are so named due
to the structural similarities to the Fab region of an antibody (Barclay, 2003). All L1 family
members share a conserved sequence (‘FIGQY’) which will be mentioned later in this section, as
well as six Ig-like domains and a variable number of fibronectin (FNIII)-like domains used for
adhesion. Neurofascin contains up to five FNIII-like domains, a transmembrane domain, and a
short 113-amino acid cytoplasmic domain. The neurofascin gene contains 33 exons over 72 kb.

According to polymerase chain reaction (PCR) analysis conducted by Hassel et al. (1997) on
either single alternatively spliced exons or fragments containing all putative splice variants, at
least 50 neurofascin isoforms exist over different development stages of the chick brain. Four of
those variants came to be expressed in the nervous system: Nfasc155, Nfasc166, Nfasc180, and
Nfasc186. Nfasc155 is expressed in myelinating glial cells at the paranodal area (Charles et al.,
2002; Sherman et al., 2005) and will be covered in the “Paranode” section below. Nfasc166 is
found in the chick DRG. Nfasc180 is expressed in embryonic brain of chick as well as rodent
(Burkarth et al., 2007), while Nfasc186 is the predominant isoform in the mature brain at the AIS
and the nodes of Ranvier (Davis et al., 1996).

Along with Nfasc186, NrCAM is shown to be one of the earliest-appearing proteins in the node,
found before Navch or ankG clusters (Custer et al., 2003; Lambert et al., 1997). Navch are
recruited to clusters containing both Nfasc186 and NrCAM that have been positioned by glial
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processes (Eshed et al., 2005; Schafer et al., 2006). Custer et al. (2003) found that in P2 sciatic
nerve, a genetic deletion of NrCAM resulted in a delay of both Ank G and Navch clustering at the
node, though conduction velocity did not decrease, possibly due to the uniform distribution of
Navch in demyelinated and developing nerve fibers. This work suggests that NrCAM may play a
role in immobilizing Navch to the tips of glial processes. However, double-labeling with Caspr1
showed that deleting NrCAM does not affect formation of the node, indicating redundancy in
clustering mechanisms (Custer et al., 2003).

The formation of the PNS node is dependent upon Nfasc186 (Dzhashiashvili et al., 2007;
Sherman et al., 2005) as Nfasc186 is responsible for the recruitment of AnkG to the node, which
then acts to direct assembly of the nodal complex. Nfasc186 itself is cleared from the internode
and directed to the node, respectively, by the interactions of its extracellular (Ig) sequences and
ectodomain with the myelinating SC, presumably with gliomedin specifically (Dzhashiashvili et
al., 2007; Eshed et al., 2005). Conversely, in the CNS, Jenkins et al. (2002) found that although
Nfasc186 and AnkG can cluster independent of each other, all protein clusters that would become
nodes of Ranvier contained both proteins, and there were no node-like clusters in
Nfasc186+/AnkG- optic nerves, indicating that Nfasc186 alone is not sufficient to induce
clustering of the nodes (Jenkins & Bennett, 2002).

Whereas node formation is directed by Nfasc186, formation of the AIS is dependent upon AnkG.
Jenkins et al. (2001) reported that in Purkinje neuron initial segments, AnkG clusters are found
prior to βIV spectrin, Navch, and the L1CAMs. None of those proteins was found to be clustered
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in neuron initial segments lacking cerebellar AnkG. Additionally, localization of both Nfasc186
and NrCAM was disrupted with the loss of AnkG (Jenkins & Bennett, 2001).

Phosphorylation is a common mechanism of activation or deactivation of protein interactions,
and the nodal protein-protein interactions are no exception. The interaction of Ank G and Navch
at the nodes of Ranvier and the AIS is regulated by the protein casein kinase 2 (CK2), which is
located in high concentration at both locations (Brechet et al., 2008). The interaction of AnkG
with the L1CAMs at the nodes of Ranvier is thought to be regulated by dephosphorylation of the
tyrosine residue (FIGQ-Y) in neurofascin (Davis et al., 1993; Garver et al., 1997).

As mentioned above, the axonal nodal proteins interact with the glial nodal protein, gliomedin.
Gliomedin is a Type II transmembrane protein and is characterized by extracellular olfactomedin
and collagen domains (Eshed et al., 2007). The olfactomedin domain is shown to mediate the
interaction between gliomedin, Nfasc186, and NrCAM and, in vitro, is sufficient to induce
formation of node-like clusters in absence of the SC (Eshed et al., 2005). In the PNS, SC fingerlike extensions called SC microvilli wrap under the nodal region (Salzer, 2003) and are the
location of gliomedin.

Following the ensheathment of an axon by the SC, gliomedin

accumulates at both edges of the glial cell. Though exact mechanisms are not clear, at this point
Nfasc186 and NrCAM clusters begin to form, followed by Navch clusters and attachment to
ankG, all of which assist in anchoring the Navch to the node (Bennett & Lambert, 1999; Brachet
et al., 2010; Custer et al., 2003; Feinberg et al., 2010; Labasque et al., 2011; Maertens et al.,
2007; Thaxton et al., 2011).
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Lastly, the integrity of the myelin sheath plays a role in setting up and maintaining the molecular
organization of the node, as is seen with various inherited or demyelinating neuropathies. In the
case of acute (as early as 1 hour post-injury) and chronic (up to 6 weeks) spinal cord injury,
Karimi-Abdolrezaee et al. (2004) found abnormal distribution of Caspr1 as well as an abnormal
distribution and an increased concentration of Kv1.1 and Kv1.2 channels. These proteins were
found distributed along the axon as opposed to their specific domains (both sets of proteins are
covered in the “Paranode” and “Juxtaparanode” sections, respectively; (Karimi-Abdolrezaee et
al., 2004)). Disorganization of Caspr1 was also found in the brain and spinal cord of patients
with chronic progressive multiple sclerosis (MS) (Wolswijk & Balesar, 2003).
Consistent with a loss of proper protein clustering in MS, mice induced with experimental
autoimmune encephalomyelitis (EAE), a disease model that exhibits some features of MS,
revealed that Nav1.6 and not Nav1.2 was the subtype seen in highest concentration in a situation
of axonal injury. In contrast to Nav1.2, Nav1.6 has been shown to produce a persistent current
that can bring in a deleterious influx of calcium via the sodium-calcium exchanger (Craner et al.,
2004; Herzog et al., 2003a; Herzog et al., 2003b; Smith et al., 1998).

Paranode
As the name indicates, the paranode is the area of the axon adjacent to the node that acts as
communication between the axon and the glial cell. The paranode acts to separate the axon into
discrete physical as well as electrical domains by acting to restrict lateral movement of the Na vch
and Kvch (Poliak & Peles, 2003; Rosenbluth, 2009; Trapp & Kidd, 2000). These separations are
especially important due to the need for saltatory conduction. The paranode is distinguished by
the presence of paranodal loops, which are formed by the lateral edges of the myelin sheet
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retaining cytoplasm. With each consecutive wrap the lateral, cytoplasmic-containing region
hangs over the preceding wrap, which is slightly narrower, and bends towards and contacts the
axon. At the folded edge of each loop there is a physical connection between the myelin and the
axon which are demarcated by electron densities called transverse bands (Dupree et al. 1999;
Hirano & Dembitzer, 1969; Rosenbluth et al., 1995). Transverse bands are formed by the
interaction between axonal paranodal proteins contactin and contactin-associated protein or
Caspr1 (also known as paranodin or neurexin IV), and glial paranodal protein Nfasc155 (Charles
et al., 2002).

Contactin is a 130kDa member of the IgSF and is a glycophosphatidylinositol (GPI)-anchored
protein. First isolated from chicken brain, contactin was found to be located on neuronal cell
surfaces and appeared late in development, suggesting a role in areas of stable cell-cell contacts.
Contactin contains a large extracellular domain, a single transmembrane domain, and a smaller
cytoplasmic domain (Ranscht, 1988). Contactin and Navch 1.2 co-immunoprecipitate and it is
seen that the interaction of contactin, Navch 1.2, and Navch-associated β1 subunit will result in an
increase of Navch current, indicating that contactin may play a role in achieving maximal
conduction of action potentials (Kazarinova-Noyes et al., 2001).

Contactin regulates the attachment of the paranodal junction between the axon and glial cell
(Boyle et al., 2001) with the help of Caspr1. Caspr1 is a type I transmembrane protein that
contains a binding site for the cytoskeleton/scaffolding protein 4.1B, indicating that it may be
involved in adhering the paranode to the cytoskeleton (Denisenko-Nehrbass et al., 2003; Gollan
et al., 2002; Ohara et al., 2000).

Other potential cytoskeleton/scaffolding proteins to the
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paranode include αII spectrin, βII spectrin, and AnkB (Ogawa et al., 2006). Peles et al. (1997)
identified the 190 kDa protein when observing that a protein co-precipitated with contactin when
contactin was bound to the carbonic anhydrase domain of receptor protein tyrosine phosphatase
β (RPTPβ), an interaction which results in neurite outgrowth (Peles et al., 1995).

Caspr1 and contactin exist as a complex and interact in cis on the axon (Menegoz et al., 1997;
Peles et al., 1997; Rios et al., 2000). This heterodimer then interacts in trans with Nfasc155 on
the glial cell to form the paranodal septate-like junction that is, at least in part, demarcated by
transverse bands (Charles et al., 2002; Einheber et al., 1997; Tait et al., 2000).

Through the investigation of genetically altered animal models it has been hypothesized that both
Caspr1 and contactin are essential for the formation of this axoglial complex (Bhat et al., 2001;
Boyle et al., 2001). Boyle et al. (2001) hypothesized that contactin is required for Caspr1 to
transport to the axolemma. They proposed that being a GPI-anchored protein, and thus an
integral membrane protein, contactin requires a ligand to receive intracellular signals, which it
finds in Caspr1.

Caspr1 requires a transport to the axolemma, and so the relationship is

complementary (Boyle et al., 2001). A mouse model was analyzed by Berglund et al. (1999) in
which the contactin gene was ablated and it was discovered that contactin gene ablation results in
lethality by P18. Neurological deficits including hyperactivity and ataxia were observed, and
hindlimb weakness was prevalent. The ataxia was attributed to the disruption of contactinmediated interactions with cerebellar interneurons (Berglund et al., 1999).
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Using this mouse model, Boyle et al. (1999) analyzed P16 sciatic nerve and found that
myelination was unaffected by the knockout of contactin as expression of myelin markers MAG
and CNP were comparable between the WT and homozygous KO.

Comparable g-ratios

calculated for P14 and P16 nerves reveal that the myelin was grossly normal between the
genotypes. The nodal region was intact in the KO but paranodal transverse bands were absent,
indicating that contactin is indeed involved in the glial cell-axon attachment. In the KO, Caspr1
was absent on the axon but was determined to be localized in motor neuron somata, an
observation which supports the hypothesis of contactin transporting Caspr1 to the axolemma.
Regarding ion channels, juxtaparanodal Kv1.1 and Kv1.2 were found to be incorrectly localized
to the paranode, supporting the paranode’s role of a barrier between axonal domains. Finally, a
three-fold decrease in conduction velocity in compound action potentials (CAP) was found in the
KO, and the stimulus threshold to evoke a minimum response in the KO was 2.5-3 times higher
than WT (Boyle et al., 2001).
In contrast to the contactin KO , disruption of the Caspr1 gene resulted in mice that are viable
but with a shortened life span (~4 months) (Bhat et al., 2001). Similar to the contactin KO
mouse model, the compact myelin was qualitatively similar between genotypes and the mutant
mice exhibited tremor, ataxia, and motor paresis. In the optic nerve, the Caspr1 KO resulted in
an absence of transverse bands, though some were seen rarely, and paranodal loops faced away
from the axonal membrane. Another observation was the occlusion of the node by paranodal
loops and the presence of SLI, a feature not usually seen in the CNS paranode. Separation
between paranodal loops and the axon was wider than expected, and there was a presence of
astrocytic processes interposed between the paranodal loops and the axon. The indentation
created by the paranodal loops onto the axon was decreased or absent. In the nodal area there
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was a lower density of Navch, and the channels were more diffusely distributed (Bhat et al.,
2001). In the Caspr1 KO, the distribution of contactin was altered as contactin was labeled at
higher concentrations at the node than the paranode; usually the reverse is the case. These
results reveal that Caspr1 is required for domain separation as well as the formation of the
paranodal axoglial connection in the CNS.

In the sciatic nerve, similar to the CNS observations, the Caspr1 KO resulted in an absence of
transverse bands and abnormally wide spacing between the paranodal loops and the axolemma
and the normally-seen indentation of the paranodal loops onto the axolemma was frequently
absent (Bhat et al., 2001). SC microvilli were seen to extend longitudinally into the periaxonal
space, whereas normally the SC microvilli would extend perpendicular to and contact the node
of Ranvier (Raine, 1982). Contactin was not labeled in the paranode and Nfasc155 was found to
be decreased, though Nfasc186 was found to be enriched. As in the CNS tissue, the Navch were
more diffusely distribution at the nodes of the PNS. Low-frequency stimulation of the sciatic
nerves at maximal intensity produced a 41% reduction in conduction velocity in the KO animal
versus the WT. These results reveal that, as in the CNS, Caspr1 is required for the maintenance
of the connection between the paranode and the axon. The PNS electrophysiology data reveal
that Caspr1, and more generally, the paranode, is instrumental in maintaining the conduction
abilities of the myelinated axon (Bhat et al., 2001).

Juxtaparanode
The juxtaparanode measures 5-15 μm long and is located just inside the innermost axoglial
junction of the paranode (Rasband, 2004). Proteins expressed at the juxtaparanode include
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voltage-gated potassium Shaker-type delayed-rectifier channels Kv1.1, Kv1.2 (Chiu & Ritchie,
1980; Kim et al., 1995; Schwarz et al., 1988), their associated subunit Kvβ2, Caspr2 (a member
of the Caspr protein family), transient axonal glycoprotein (TAG)-1, and post-synaptic densities
(PSD) proteins known as PSD-93 and PSD-95, both scaffolding proteins.
Kvch are heteromultimers that are composed of 4 transmembrane, pore-forming α subunits plus
up to four β subunits; Kvβ2 may be involved in regulating Kvch distribution in neuronal
membranes (Rasband, 2004; Shi et al., 1996; Vabnick & Shrager, 1998).

Kv1.1 and Kv1.2 are known as Shaker-type delayed-rectifier potassium channels because the
Shaker locus in Drosophila melanogaster was thought to carry a sequence that coded for
components of potassium channels, which was confirmed by genomic and cDNA cloning
(Papazian et al., 1987). A mutation in this locus, which was subsequently named the Shaker
locus in Drosophila, resulted in a decrease in the transient potassium current but not the delayedrectifying potassium current (Wu et al., 1983). “Delayed-rectifier” refers to the property of these
particular Kvch to inactivate slowly or not at all (Papazian et al., 1988), which would work to
effect the rate at which the cell can repolarize.

In early development, Kvch can be found in the nodal and paranodal regions as the channels
migrate to the juxtaparanode, whereas Navch have been immobilized at the nodes by the nodal
protein complex. The temporal and spatial differences between the maturation of Navch and
Kvch clusters provide explanation for why Kvch are responsible for the stabilization of
membrane potential and fiber conduction during axonal development (Stuhmer et al., 1989;
Vabnick et al., 1999; Zhou et al., 1998).
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Vabnick et al. (1999) found in rat sciatic tissue that the Navch cluster early (post-natal day [PND]
1-3), while Kvch are still in the process of migration, reaching the juxtaparanode at about PND
14-28. During this time, potassium channel blocker 4-aminopyridine (4-AP) was found to be
effective and block the potassium channels which produced hyperexcitability. 4-AP is not
effective when the potassium channels localize within the juxtaparanode where the myelin will
occlude the channels. This activity confirms that Kvch are involved in stimulus modulation
during development (Vabnick et al., 1999).

As with Caspr1 in the paranode, Caspr2 may likewise act as a barrier to the localization of
juxtaparanodal proteins. Caspr2 is localized to neurons and is shown to form a complex with
Kv1.1/Kv1.2/Kvβ2 through its C-terminus which features a PDZ (PSD-95/Discs large/zona
occludens-1) binding site (Poliak et al., 1999). Kv1.1 and Kv1.2 also have PDZ binding sites,
which indicate that Caspr2 may act to stabilize the localization of the Kvch to the juxtaparanode
(Horresh et al., 2008; Rasband et al., 2002).

Caspr2 also contains a binding site for the

cytoskeleton/scaffolding protein 4.1B, indicating that Caspr2 may play an additional role in
adhering the juxtaparanode to the cytoskeleton (Denisenko-Nehrbass et al., 2003). In support of
this idea, it was shown by Horresh et al. (2008) that a Caspr2 GST-fusion protein missing the
4.1B binding domain was unable to pull-down Kv1.2 from rat brain lysate, and so the association
of Caspr2 with the Kvch at the juxtaparanode, and therefore, the formation of the juxtaparanode,
would depend upon the 4.1B binding interaction (Horresh et al., 2008).
TAG-1 is a GPI-anchored protein that shows 50% amino acid identity to contactin and is
enriched at the juxtaparanode in both the CNS and PNS (Traka et al., 2002). TAG-1 co-localizes

29

with PSD-93 at the AIS, as does Caspr2 and the Kv1.1/Kv1.2/Kvβ2 complex; (Ogawa et al.,
2008). Axonal TAG-1 interacts in cis with Caspr2, and this complex then interacts in trans with
glial TAG-1 to form an axoglial adhesion complex at the juxtaparanode (Poliak et al., 2003;
Traka et al., 2003).

Using TAG-1 deficient mice, Traka et al. (2003) observed that in the CNS, myelin thickness and
compaction were preserved, as was the ultrastructure of discrete axonal domains. However,
expression of Caspr1 and Kv1.1 was significantly decreased and Kv1.1 channels were found
aberrantly localized to the paranode. In sciatic nerve, conduction velocity and CAP amplitudes
were comparable between genotypes. Immunofluorescence revealed that in the absence of TAG1, Caspr1, Nfasc155, and Navch were normally localized. The appearance of MAG in the
paranode and the SLI were also apparent. This work reveals that TAG-1 has a role in the
formation of the CNS axonal domains, but not the PNS axonal domains (Traka et al., 2003).
PSD-93 and PSD-95 belong to a family of membrane-associate guanylate kinases (MAGUKs)
which act to assemble channels, receptors, and other proteins into complexes (Ogawa et al.,
2008). This MAGUK family contains three PDZ domains as well as an SH3 domain and a
guanylate kinase domain, both of which point to phosphorylation as a potential mechanism to
enhance complex binding (Sheng & Sala, 2001). Some MAGUKs have been shown to bind to
the C-terminus of Shaker family Kvch via their PDZ binding domains (Kim et al., 1995; Poliak et
al., 1999). PSD-93 is enriched at the AIS and juxtaparanode, while PSD-95 is enriched at the
juxtaparanode (Horresh et al., 2008; Ogawa et al., 2008).
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Rasband et al. (2002) found using a PSD-95 knockout mouse that Kv1 channels were still able to
cluster in absence of the scaffolding protein. In support of this conclusion, it was also observed
that PSD-95 appears at the juxtaparanode after both Kv1.2 and Caspr2, indicating that protein
clustering can occur without PSD-95 (Rasband et al., 2002). The ability of Kvch to cluster and
associate with Caspr2 at the juxtaparanode in absence of scaffolding proteins was confirmed
using a double knockout of PSD-93 and PSD-95 (Ogawa et al., 2008). The double knockout was
used to avoid any functional compensation by the PSD family members. In contrast to the
juxtaparanode, Ogawa et al. (2008) showed that Kvch clustering at the AIS is dependent upon
PSD-93, but not on Caspr2.

Internode
The internodal region of the myelinated axon is demarcated by the presence of compacted
myelin constituting greater than 90% of the myelin segment’s length stretching from
juxtaparanode to juxtaparanode.

Consequently, the internode is the most extended site of

interaction between the axon and the myelinating cell and it features an axonal strand of Caspr1
and contactin that is flanked by Caspr2, TAG-1, and Kv1 channels (Arroyo et al., 1999; Poliak et
al., 2003).

This area is referred to as the juxtamesaxon and is seemingly an internodal

continuation of paranodal and juxtaparanodal proteins. Similarly, but limited to the PNS, the
juxtaincisure is located in apposition to the SLI and contains a localization of Caspr1 and
contactin on the axon flanked by Caspr2, TAG-1, and Kv1.1 channels. This observation is
significant considering the juxtaincisure is separated from the inner glial membrane by a thin
collar of cytoplasm (Salzer, 2003) yet still manages to organize axonal components.
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In the PNS, the internode expresses two families of adhesion proteins that mediate axon-myelin
interactions along its length: nectin-like (Necl) CAMs (Maurel et al., 2007) and MAG (Trapp et
al., 1989). In contrast, only MAG has been identified to mediate the axon-myelin internodal
interface in the CNS.

MAG, which has been introduced in the “Myelin” section, is localized to non-compact myelin
and thought to play a role in myelin-axon adhesion. There are two receptor families that have
been proposed to act as the axonal receptors of MAG: sialoglycans and Nogo receptors.
Sialoglycans are glycoproteins and glycolipids that have sugar chains capped with sialic acid; the
specific sialoglycans preferred by MAG are the gangliosides GD1a and GT1b, both of which
express the terminal structure [NeuAc α2–3 Gal β1–3 GalNAc] to which MAG will bind (Kelm
et al., 1994; Yang et al., 1996). An additional role of MAG besides the stabilization of noncompact myelin is the inhibition of axonal regeneration (Shen et al., 1998; Tang et al., 1997;
Vyas et al., 2005). It has been suggested that the Nogo receptors NgR1 and NgR2 as well as
GD1a/GT1b are involved in the modulation of these pathways; it is a contentious issue and there
remains much to be discovered about the pathways (Mehta et al., 2007; Park et al., 2005; Yiu &
He, 2006; G. Zhang et al., 2011; Zheng et al., 2005).
MAG was thought to be involved in early axo-glial interaction (Schachner & Bartsch, 2000), but
previous analysis of MAG knockout mice showed that the absence of the myelin protein had
only minimal effects on myelin formation (Li et al., 1994; Montag et al., 1994; Schachner &
Bartsch, 2000). The myelin galactolipids GalC and sulfatide (both to be covered in the “PNS
galactolipids section”) are also seen to be involved in the initiation of myelin formation (Dupree
et al., 1998a; Dupree, Suzuki, & Popko, 1998c).
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Since the respective single KO mouse models produced similar abnormalities (Coetzee et al.,
1998; Dupree et al., 1998a; Dupree et al., 1998b; Li et al., 1994), Marcus et al. (2002) looked at
the effects that a double KO of MAG and CGT had on the effect of axonal domains and
myelination to assess possible functional compensation between the molecules. This work will
be covered in greater detail in the “Peripheral Galactolipid” section; suffice to say, CGT is an
enzyme that produces galactosylceramide (GalC), which, along with sulfatide, is one of the
major galactolipids in myelin composition.

Briefly, the results revealed that myelination occurred independent of both components.
Deficiencies were found in the formation of the paranodal axoglial interactions and in the
maintenance of nodal axoglial interactions; these were more severe in the CNS versus the PNS.
The double KO also showed an increase in the rate of breakdown of CNS axoglial interactions
(Marcus et al., 2002). This work was confirmed by a single MAG KO mutant produced by Li, et
al. (1994), who found that, in the CNS and PNS, MAG has a role in maintaining the noncompact, cytoplasmic areas of the axon (Li et al., 1994). Work by Schachner and Bartsch (2000)
went on to specify the effects of MAG, finding in a MAG-null mutant that in the CNS, initiation
of myelination and formation of intact myelin sheaths is affected, while in the PNS, only the
maintenance of myelin is affected (Schachner & Bartsch, 2000).

Nectins are Ig-like molecules that homo- and heterophilically trans-interact to cause cell-cell
adhesion. Nectins are found in polarized epithelial cells and participate in the formation of tight
junctions, adherens junctions, and desmosomes to create cell-to-cell and cell-to-extracellular-
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matrix connections. In contrast to the various types of cadherins also present in the epithelial
cells to form these connections, nectins are calcium-independent cell-cell adhesion molecules
(Shingai et al., 2003).

Nectin-like (Necl) proteins are Type I transmembrane proteins that mediate adhesion in the PNS.
Necl proteins contain three Ig-like domains on their extracellular region and a small intracellular
region which mediates interaction with protein 4.1 and PDZ-domain proteins.

Necl-4 is

expressed in SLI, the paranodal loops, and the adaxonal membrane of the myelinating SC. Necl4 directly apposes Necl-1, which localizes to axons; specifically, the juxtaparanodal and
internodal domains, and the SLI. In an in vitro study using Fc fusion proteins containing the
extracellular domains of the respective proteins, Spiegel et al. (2007) found that Necl-4 and
Necl-1 are binding partners, and that the inhibition of the Necl-4/Necl-1 binding significantly
decreased the number of myelin segments versus control (Spiegel et al., 2007).

Both the axon and SC express Necl-2, but it is expressed at a higher degree in the axon (Maurel
et al., 2007). Necl-2 is expressed at the basolateral plasma membrane of epithelial cells and
interacts heterophilically with Necl-1 and Necl-3. Due to its presence with Necl-1 and Necl-4 at
the SLI, there may be interactions between these proteins there; Necl-2 may also be interacting
homophilically at the SLI (Maurel et al., 2007). Necl-2 has also been to shown to bind to DAL1,
a truncated form of 4.1B protein, which is seen in the paranodal and juxtaparanodal domains
(Yageta et al., 2002). This binding hints at the Necl proteins possibly being involved in the
mediation of axo-glial interactions in axonal domains.
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Galactolipids
As previous stated, the lipid composition of myelin is approximately 40% phospholipids, 30%
cholesterol and 30% glycolipids. As this study focuses on the latter group and more specifically
the galactolipids, I have limited the discussion of lipids to the myelin galactolipids.

The

predominate myelin galactolipids are galactosylceramide and its sulfated derivative sulfatide.
Galactosylceramide (GalC; also known as galactocerebroside) is highly enriched in the CNS and
PNS myelinating cells (Ranscht et al., 1982). GalC is synthesized by transfer of a galactose
sugar

molecule

from

uridine

diphosphate

(UDP)-galactose

to

ceramide

by UDP-

galactose:ceramide galactosyltransferase (CGT) (Morell & Radin, 1969; Stahl et al., 1994).
GalC is one of the most abundant glycolipids in myelin, representing about 12-26% of the total
dry weight in both peripheral (O'Brien et al., 1967) and central (Norton & Poduslo, 1973)
nervous system myelin. Sulfatide (3’-O-sulfogalactosylceramide) is the sulfated derivative of
GalC. Sulfatide is formed by the transfer of a sulfate molecule to the third carbon of the GalC
sugar ring. The enzyme used for this reaction is 3’phosphoadenylylsulfate:galactosylceramide 3’
sulfotransferase (GCST or CST) which uses 3’phosphoadenosine-5’ phosphosulfate (PAPS) as
the sulfate donor (Vos et al., 1994). Together, GalC and sulfatide comprise about 30% of the
myelin lipids (Norton and Cammer, 1984).

In vitro analysis of GalC and sulfatide
GalC and sulfatide are first expressed at a stage of glial cell development that corresponds with
the initiation of myelin-process extension (Bansal et al., 1992).

Based on this fortuitous

temporal expression, it was hypothesized that these lipids played an important role in myelin-
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forming cell differentiation, myelin formation, and myelin stability. With this in mind, antiGalC sera was added to spinal cord and cerebellar myelinating cultures. Interestingly, the
addition of this sera inhibited myelin synthesis. With removal of the anti-GalC sera normal
oligodendrocyte (OL) differentiation, membrane formation and myelination was restored
(Dorfman et al., 1979). Complementary work was done in the PNS with sensory neurons by
Ranscht et al. (1987). Applying an anti-GalC antibody to Schwann cells showed that GalC acts
to prevent myelination, as it does with OLs in the CNS. However, in cultures treated with GalC,
this group found intact the ability of the Schwann cells to ensheath axons at a 1:1 ratio as well as
the formation of a proper basal lamina, indicating that GalC may act to prevent extension of the
mesaxon rather than interrupt an axon-SC interaction. The reversibility of the inhibition of
myelination was also observed (Ranscht et al., 1987).

As a result of these experiments, Bansal et al. (1988) proposed that GalC and sulfatide had a
functional role in the regulation of OL differentiation and myelination. Using cultures of fetal rat
brain, the group introduced the monoclonal antibody O4, an antigen that will react with the
surface of OLs (Sommer & Schachner, 1981) by primarily targeting sulfatide (O4 will also target
POA, a sulfated species which is mentioned below). They found that cultures treated with O4
had an increased rate of sulfatide accumulation versus control cultures as well as a pronounced
aggregation of OLs. Thus, a possible conclusion of their work is that sulfatide acts as a receptor
to O4 and could cause a signaling cascade which results in the up-regulated expression of
specific myelination genes (Bansal et al., 1988).
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Pfeiffer and colleagues went on to discover correlations between expression of GalC and
sulfatide and OL lineage progression. Using antibodies against molecular markers of early
lineage stages (O4, A007, and R-mAb) as well as a more mature stage (O1) (Bansal et al., 1989),
the stage of immediate OL progenitor (A007/O4+ R-mAb+ O1-) was defined; a stage that marked
the transition of the OL from a migrating, mitotic cell to a differentiated myelinating cell (Gard
& Pfeiffer, 1989). O4 and A007 recognize the Proligodendroblast Antigen (POA) that identifies
the immediate OL progenitor stage of proligodendroblast. POA is seen to appear earlier than
GalC and therefore, it is not a derivative of GalC. Fibroblast growth factor (FGF) was found to
stimulate the proliferative capacity of RmAb+ cells, thereby blocking their terminal
differentiation, an effect which can be reversed (Bansal & Pfeiffer, 1994; McKinnon et al., 1990;
McKinnon et al., 1993). In addition, Pfeiffer and colleagues reported that the differentiation of
OL progenitors can occur in absence of sulfation, though the formation of myelin-like sheets is
retarded, and that POA is a sulfated molecule. It was also observed that in the absence of
sulfation, there was no longer an FGF-2-mediated effect on proliferation or differentiation
(Bansal & Pfeiffer, 1994). Taken together, the work of this group illustrated that GalC and
sulfatide were essential for the proper development of the myelinating cells of the CNS.

Although in vitro perturbation approaches have been extensively used to determine the role of
the galactolipids in the development of CNS myelin formation cells and in the formation of the
CNS myelin, comparable studies in the PNS have been extremely limited.

In vivo analysis of GalC and sulfatide
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With the findings of the in vitro work strongly implicating GalC and sulfatide as playing integral
roles in oligodendrocyte development, a number of groups became interested in defining these
roles in vivo. There are two in vivo models currently available for studying the function and
roles of these galactolipids (Bosio et al., 1996b; Coetzee et al., 1996; Honke et al., 2002). As the
following sections will illustrate, GalC and sulfatide are necessary for the production of stable
myelin and for the maintenance of the axonal domains.

CGT knockout mouse
Two labs independently generated a mouse with a disruption in the gene that encodes CGT
(Bosio et al., 1996a; Bosio et al., 1996b; Coetzee et al., 1996). Grossly, the myelin appeared
normal except for thinner sheaths throughout the CNS.

As anticipated, the ratio of axon

diameter and fiber diameter (g-ratio) was significantly increased in knockout (KO) as compared
to wildtype (WT) mice.

Coetzee et al. (1998) analyzed mRNA expression at PND 30 and 90 days of CGT KO mice and
found that expression of the myelin genes mbp, plp, cnp, and mog were comparable to WT at
both time-points; however, western blots showed that at 90 days, expression of MBP, PLP, and
CNP were all decreased in the CGT KO mice, while the expression levels were comparable at 30
and 45 days of age. Regarding MAG expression, they found that L-MAG was expressed in the
CGT KO at levels comparable to WT at 30, 45, and 90 days of age while S-MAG expression was
decreased relative to control at all time-points. As S-MAG is a marker of a mature stage of
myelination, it may be that OLs are not maturing appropriately in the CGT KO mouse.

38

Despite the deficiency in myelin proteins, myelin sheaths were formed though the level of
myelination was varied with tissue type, and by PND 90, a loss of myelin was seen throughout
the CNS tissues. The degeneration of myelin was typified by punctate staining of MBP and the
presence of vacuoles. However, there did continue to be variation at PND 90 as there were
axons lacking myelin or wrapped by a very thin sheath among axons that were nicely myelinated
(Coetzee et al., 1998). Previous analysis on the myelin formed in the CGT KO indicates that the
myelin generated may contain glucocerebroside, a ceramide derivative and an intermediate in the
biosynthesis of gangliosides. Normally, very low concentrations of this product are seen in
myelin (Bosio et al., 1996a; Bosio et al., 1998; Dupree et al., 1998a).

Electrophysiological analysis showed conduction deficits consistent with reduced insulative
capacity of the myelin sheath. In the spinal cord, the Kvch of the KO animals were sensitive to
4-aminopyridine (4-AP), a Kvch blocker. This result indicates myelin instability as K vch are
usually occluded by the myelin wraps and would not be affected by the blocker. Due to these
results, the node and the paranode were examined (Dupree et al., 1998a) and there were
abnormalities in both domains in the CNS.

Nodal length was increased, heminodes were

present, and transverse bands were absent in the paranode, although Marcus et al. (2006)
clarified that transverse bands occur occasionally in the CNS of the CST KO animals, and are
seen more in younger animals (Marcus et al., 2006). It was also observed that the lateral loops at
the paranodal region frequently faced away from the axon.

In the PNS, none of these

abnormalities were seen; however, transverse bands were not observed in the PNS. In both the
CNS and the PNS of the CGT KO mice, Kv1.1 channels were observed to be improperly
concentrated primarily at the paranode (PNS) or diffusely distributed along the internode (CNS).
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There was overlap with sodium channels detected, though sodium channel distribution itself was
not altered in either the CNS or PNS of the CGT KO mice (Dupree et al., 1999).
Clinically, the mice show severe tremors, mild ataxia, and with age, progressive hind-limb
paralysis and the loss of the righting reflex. The body weight of the KO mice was half that of the
WT mice and 1/3 that of the heterozygotes. Many mice were immobile by post-natal day 60.
The age of death was variable, between PND 18 and PND 30 for many mice, but some survived
past PND 90 (Coetzee et al., 1996).

It had been shown in vitro that GalC and sulfatide negatively regulated OL differentiation
(Bansal & Pfeiffer, 1989; Bansal & Pfeiffer, 1994). This conclusion was reached in vivo by
Bansal et al. (2000) using CGT KO mice. The group found that CGT mRNA is produced in the
embryonic stage, prior to the synthesis of galactolipids by mature OLs. By double-labeling
sulfatide and POA, they found an absence of POA expression in the KO cultures, suggesting that
the expression of POA requires CGT activity in the pro-OL stage. It was further determined that
despite the effect on mature oligodendrocytes that the absence of POA might have, myelin
proteins were not affected as MBP and MAG labeled in concentrations comparable to WT, and
PLP was found to be transported as in the WT. The CGT OLs produced membranes of quality
similar to that of WT. Examining the rate and extent of OL differentiation, it was found that
CGT OL’s in vitro and in vivo matured faster and in higher number than WT and that this
enhancement was not due to a higher rate of proliferation or survival of progenitor OLs (Bansal,
et al., 1999).

40

Marcus et al. (2000) found similar results using CGT KO mice, finding no difference in the
mRNA of myelin proteins CNP, MAG, and PLP at 5 and 10 days of age. Western blots showed
no difference in expression of CNP, L-MAG, and MBP, though there was a slight decrease of SMAG seen at 30 days. This result parallels previous findings by Coetzee et al. (1998) that the
splicing of MAG is disrupted in CGT KO mice (Coetzee et al., 1998). There was a moderate
decreased of MBP in the CGT KO mice at 30 days of age. The group reported an increase of
unmyelinated axons in the mutant spinal cord; a 3.5-fold increased versus WT by P30. However,
they also reported an increase in the number of OLs but hypothesize that the OLs extended fewer
processes per cell which could result in a higher number of unmyelinated axons (Marcus et al.,
2000).

All in all, it can be concluded that GalC and sulfatide have roles in OL differentiation as well as
the regulation of myelination, though it cannot be concluded which galactolipid is responsible for
each role, or if it is truly a combined effort.

CST knockout mouse
In contrast to the CGT KO mouse, the CST KO mouse allows for the analysis of mice deficient
in sulfatide only. As with the CGT KO mouse, the CST KO mouse was created by gene
targeting and homologous recombination in embryonic stem cells (Honke et al., 2002). The CST
KO mice are of a mixed background of C57BL/6 and 129 mice. CST KO mice began to display
hindlimb weakness by six weeks of age. These mice also displayed progressive ataxia and a
tremor, similar to the CGT KO mice, though as far as age of onset, life span, and symptom
severity, the CST KO phenotype is substantially milder than the phenotype of the CGT KO mice.
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Analysis of glycolipids showed that GalC was not depleted in concentration, suggesting that the
loss of sulfatide is the reason for the neurological symptoms (Honke et al., 2002). The g-ratios in
the CNS of the CST KO mice were also reported to be increased as compared to WT littermates,
indicating that the loss of sulfatide impairs myelin formation; however, myelination was not
completely inhibited as the CST KO mice form abundant myelin in both the CNS and the PNS
(Marcus et al., 2002; Marcus et al., 2006). Maximum conduction velocity of the sciatic motor
nerve was reported until eighteen weeks of age. As in the CGT KO mice, the males are infertile
but the females are not, as CST is necessary for spermatogenesis (Honke et al., 2002). Marcus et
al. (2006) determined that in young CST KO mice, few differences are observed versus WT;
nodal and paranodal structures are only moderately altered, axon size is comparable, and the
myelin sheaths are relatively stable. With age, however, nodal structure deteriorates in the CST
KO and myelin vacuolar degeneration is observed; axon caliber and circularity are also
significantly reduced. These findings indicate that sulfatide is essential for CNS maintenance.

Using neonatal (P1-P2) mouse brain cultures of CST KO mice, Hirahara et al. (2004)
demonstrated that, similar to CGT KO mice, OL differentiation is increased and determined that
sulfatide, not GalC, plays a role in the negative terminal differentiation of OLs. These results
were confirmed in vivo by labeling PLP mRNA (a marker of mature OLs) in CST KO mice at 7
days of age, as they found the number of PLP mRNA+ OLs was increased in the CST KO mice
versus the WT mice. These findings were explained by the hypothesis that since differentiation
of the OLs was increased in the absence of sulfatide, there was then an increase in probability
that cells would enter the terminal differentiation phase (Hirahara et al., 2004).
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In vivo work by Shroff et al. (2009) furthered these findings, reporting that OL number is
increased in the spinal cord at 15 days, 30 days, and 7 months of age. In contrast with the
Hirahara et al. (2004) work, Shroff et al. (2009) examined proliferation of the cells to conclude
that the increase in OLs is due to a combination of increased proliferation and decreased cell
apoptosis.

As for the mechanism of the negative regulation, Hirahara et al. (2004) propose that perhaps
sulfatide has a role in direct adhesion, where anionic sulfatide bonds bind to positively charged
proteins (Bosio et al., 1998). This idea is plausible as sulfatide is seen to bind to extracellular
matrix proteins that are produced and secreted by OLs and neurons, such as laminin and
tenascin-R, which in turn bind to integrins that mediate signal transduction pathways that
regulate OL adhesion and differentiation (Baron et al., 2003).

Through further in vivo studies, the effects of the lack of sulfatide have been studied with respect
to the nodal and paranodal domains and the ion channel localization therein.

Paranodal loop disorganization was seen in the CNS of the CST KO as it was in the CGT KO.
Ishibashi et al. (2002) analyzed the ion channel distribution in both the CNS (optic nerve) and
PNS (sciatic nerve).

Concerning the CNS node, they found that the Navch, while still

concentrated at the node, had increased in length versus WT. The Kvch had a more diffuse
labeling than WT, localizing to both the paranodal and juxtaparanodal areas. The PNS showed
similar localizations of these ion channels. Labeling of Caspr1 at 6 and 10 weeks of age in the
optic nerve and spinal root revealed a diffuse localization of the protein, though western blots
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showed protein levels were comparable to those of the WT mice. Analysis of the number of
protein clusters in the optic nerve showed that both Navch and Kvch increased until four or six
weeks of age, respectively, but both continuously decreased in number with age after those timepoints. At 22 weeks of age, only 12% of the Navch clusters or 8% of the Kvch clusters were
detected in comparison to WT clusters. It is noteworthy that around six weeks of age, the CST
KO mice began to display a progressive ataxia and pronounced tremor, which may indicate that
these voltage-gated channels are important for the maintenance of fiber conduction velocity
(Ishibashi et al., 2002).

Immunolabeling MBP and PLP/DM20 in the CST KO optic nerve, it was found that no
differences were found in the mutants versus WT in either the staining patterns or western blots
for each protein, indicating a normal compact myelin, even at 22 weeks of age. These results
conclude that the loss of protein clustering in the node and paranode was due to a loss of
sulfatide, not as a result of demyelination (Ishibashi et al., 2002).

Suzuki et al. (2004) analyzed the CST KO mice and observed the results of switching Navch
subtype, from Nav1.6 expressed in myelinated axons to Nav1.2, a subtype expressed in
developing, unmyelinated axons. In optic nerves (ON), they found that initial appearance of
Nav1.6 at the node (Boiko et al., 2001) was not affected in the CST KO mice. At 4 weeks of age,
in the WT mice, 30% of Navch clusters still contained Nav1.2; this percentage dropped to 1.8%
by 22 weeks of age. In the CST KO mice, these percentages were higher in both cases. It was
also found that sodium clusters formed in the CST KO ON were elongated and of an irregular
shape. Most of these clusters were labeled by Nav1.2 and not Nav1.6. While Nav1.6 seemed to
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be concentrated in the center of the nodes, Nav1.2 presented a more diffuse labeling (Suzuki et
al., 2004). Analysis of the sciatic nerve (SN) indicated a disruption in the paranodal junction, as
neuronal paranodal protein Caspr was absent and potassium channels were found migrating
towards the paranode instead of the juxtaparanode. All of the nodal clusters in the CST KO
contained Nav1.6. Though some clusters were elongated, none contained Nav1.2 as seen in the
CNS. All together, these results indicate that in the CNS, the paranodal junction is required for
maintenance of the mature node and partially require for transition of sodium channel subtype.
In the PNS, it seems that sulfatide plays a role in maintaining the paranodal junction (Suzuki et
al., 2004).

Looking closer at the effects of the CST KO on the node and paranode in the PNS, Hoshi et al.
(2007) reported that in 22-week-old CST KO mice, there were lateral protrusions present in both
the WT and CST KO mice, but in significantly higher numbers in the CST KO mice. Microvilli
were more randomly oriented in the CST KO mice and many of the ends surrounded the node as
opposed to lining up perpendicular to the node. Nodal clusters were found to be elongated while
paranodal clusters were found to be shortened or absent. G-ratios determined that myelin
thickness and axonal caliber were comparable in both genotypes. In as young as 9-10-week-old
mice, Kvch were seen to be incorrectly localized to the paranode. EM analysis revealed that in
the CST KO, the first outermost loop and following several loops were detached from the axon,
though transverse bands were observed in some of the paranodal regions. Detachment of several
loops may have caused the shortened formation of the paranodal junctions. Lastly, an increased
number of SLI were reported at 10 and 22 weeks of age in the CST KO versus the WT mice.
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The numbers of SLI between the 10- and 22-week-old mice did not change, indicating that the
lack of sulfatide itself influenced the increased of SLI in the CST KO mice.

Taking the CGT KO and CST KO results together, these observations indicate that the
galactolipids GalC and sulfatide play a role in structural integrity of the myelin sheath, and
sulfatide is required for the correct organization of the nodal and paranodal domains of the axon.
Thus far, studies have characterized the CST KO mouse model and analyzed the impact of a lack
of sulfatide on myelin stabilization, axonal ultrastructure, and ion channel localization in both the
CNS and the PNS; though, knowledge on the PNS is still deficient. This particular project will
be analyzing the potential role of sulfatide in the initiation and maintenance of the node and
paranode in the PNS. In order to accomplish that, we will be analyzing axonal ultrastructure, the
process of myelination, and ion channel clustering. The ages of the CST KO mice in this study
are the youngest and oldest analyzed to date, which will give a better picture of what happens in
the developmental and long-term maintenance stages of the CST KO mouse life.
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MATERIALS AND METHODS

Animals
Cerebroside sulfotransferase (CST)-deficient (CST KO) mice were generated by gene targeting
(Honke et al., 2002) and mice heterozygous for the cst gene were kindly provided by Dr. Koichi
Honke (Kochi University Medical School; Kochi, Japan). The mice were bred and the resulting
offspring were one of the following genotypes: wild type (WT; +/+), heterozygous (+/-), or CST
KO (-/-). The polymerase chain reaction method was utilized as previously described (Marcus et
al., 2006; Shroff et al., 2009; Pomicter et al., 2010), and WT and CST KO littermate mice were
identified. Mice were bred and maintained in an AAALAC certified facility and all protocols are
approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth
University.

Immunocytochemistry
Number of animals
The number of WT and littermate CST KO mice used for Nav1.6 and neurofascin 155
(Nfasc155) immunocytochemistry (ICC) is as follows: 4 days (n=5), 7 days (n=6), and 10
months (n=3). The number of WT and littermate CST KO mice used for gliomedin and
contactin ICC is as follows: 4 days (n=5), 7 days (n=6), and 10 months (n=3).
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Antibodies
The rabbit polyclonal antibody against the sodium channel (rb α-Nav1.6) was purchased from
Alomone Labs (Jerusalem, Israel; catalog #ASC-009) and used at a dilution of 1:500. The
epitope of this antibody is the peptide CIANHTGVDIHRNGDFQKNG, corresponding to amino
acids 1042-1061, which represents an intracellular loop between domains II and III of the rat
Nav1.6 channel. The rat polyclonal antibody against neurofascin rat α-neurofascin C-terminus
(rat α-NFCT; exact epitope not provided) was a kind gift from the lab of Dr. Manzoor Bhat
(University of North Carolina, Chapel Hill, NC) and was used at a dilution of 1:200. The rabbit
polyclonal antibody against gliomedin (rb α-gldn) was a gift from the lab of Dr. Elior Peles
(Weizmann Institute of Science, Rohovot, Israel) and used at a dilution of 1:500. The epitope for
this antibody is CVIPNDDTLVGRA, corresponding to amino acids 273-287 in the extracellular
region of rat gliomedin (Eshed et al., 2005). The goat polyclonal antibody against contactin
(goat α-contactin) was purchased from R&D Systems (catalog #AF904) and used at a dilution of
1:200. The antibodies against Nav1.6 channels and gliomedin were visualized by an excitation
wavelength of 594 nanometers (nm), and emission wavelengths between 610 nm and 650 nm
were collected. The antibodies against neurofascin and contactin were visualized using an
excitation wavelength of 488 nm, and emission wavelengths between 505 nm and 530 nm were
collected.

Perfusion and tissue preparation
Mice were deeply anesthetized with an intraperitoneal injection of 2.5% 2, 2, 2 tribromoethanol
(Avertin, Sigma-Aldrich) in 0.9% NaCl (VWR International; West Chester, PA) at 0.016
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milliliter (mL) per gram (g) of body mass. Mice were individually stabilized on a dissecting
block ventral side up, and an incision was made from the abdomen to the sternum. The right
atrium of the heart was cut, and a 22 gauge needle was inserted into the left ventricle. A 0.9%
NaCl solution was continuously flushed until the perfusate ran clear (approximately 5 minutes at
a rate of 7 milliliters/minute). The mouse was then transcardially perfused with 0.1 molar (M)
Millonig’s buffer containing 4% paraformaldehyde (Electron Microscopy Services; Hatfield,
PA) (pH 7.3) for ten minutes. Sciatic nerves (SN) regions spanning the distance between the
sciatic notch and the distal trifurcation were harvested, cryopreserved in 30% sucrose in
phosphate buffered saline (PBS), frozen in Optimal Cutting Temperature medium (O.C.T.
Embedding Compound, Electron Microscopy Sciences #62550-12), and sectioned at 10 μm.
Sections were mounted on Probe-on Plus slides and stored at -80°C until used.

Immunocytochemistry protocol
The tissue was retrieved from the -80°C freezer and sat out to air-dry; excess O.C.T. was
trimmed from the edges of the tissue using a small blade. A hydrophobic border was drawn
around the tissue with a PAP pen (Liquid Blocker Super PAP Pen, Daido Sangyo Co., Ltd.
Tokyo, Japan) and the slide was placed into acetone at -20°C for ten minutes (Fisher-Scientific
Cat. No. A949-1). The samples were then washed three times for five minutes each with PBS
and placed in a blocking buffer consisting of 0.1M PBS, 0.1% Triton X-100 (ICN Biomedicals,
Inc. #807426), and 10% fish gelatin (Cold Water Fish Skin Gelatin, Electron Microscopy
Sciences, #25560) for fifteen minutes at room temperature (RT). The blocking buffer was
removed by pipetting off the liquid from the slide, at which point the primary antibody solution
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was applied to the samples. The primary antibody solution was made up of blocking buffer plus
primary antibody (see above in “Antibodies”). The samples were incubated overnight at 4°C in
primary antibody solution in an enclosed box with damp paper towels to retain moisture.
Eighteen hours later the samples were rinsed thoroughly in PBS; following the second block, the
tissues were incubated in the appropriate secondary antibody for 90 minutes at RT. Secondary
antibodies used in this procedure were Alexa 488-labeled donkey anti-rat IgG (1:200,
Invitrogen), Alexa 488-labeled donkey anti-goat IgG (1:200, Invitrogen), Alexa 594-labeled goat
anti-rabbit IgG (1:200, Invitrogen), and Alexa 594-labeled donkey anti-rabbit IgG (1:200,
Invitrogen). Following the secondary antibody incubation, the slides were thoroughly rinsed in
PBS and a nuclear stain, bis-Benzimide, was applied at 1:1000 for five minutes in order to
indicate cell nuclei. Slides were then rinsed in PBS and slide covers (Corning cover glass, Cat.
No. 2940-223, 22x30mm (No. 1 ½)) were placed on top of the samples using Vectashield as a
protection against bleaching (Cat. No. H-1000, Vector Laboratories, Inc., Burlingame, CA).

Visualization
All tissue samples were first visualized via a Nikon Eclipse E800 microscope (Nikon
Instruments, Inc., Melville, NY) to ensure successful ICC. The tissue was then imaged using a
Leica TCS-SP2 AOBS laser confocal microscope (Leica Microsystems Inc., Exton, PA). Images
were collected with maximum projection of Z stack images compiled from eight optical sections
using a pin hole of one Airy unit with a resolution of 1024 x 1024 pixels. All images were
collected using a PL APO 63x oil immersion objective (numerical aperture 1.3) with a digital
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zoom of two and a line average of four. Each microscopic field dimension was 119 μm x 119
μm x 3.1 μm; only complete fields of view (FOV) were collected.

For image collection, the end of the SN section was found, and images were collected starting
one FOV away as previously described (Dupree et al., 2004). Five non-overlapping consecutive
images were taken per section. For sections immunolabeled with Nav1.6 and pan-Nfasc, a total
of 140 images were captured. For sections immunolabeled with gliomedin and contactin, a total
of 140 images were taken. Per each protein, the total number of FOV per age group is as
follows: 4 days of age- 25 images for WT animals and 25 images for KO animals; 7 days of age30 images for WT animals and 30 images for KO animals; 10 months of age- 15 images for WT
animals and 15 images for KO animals. Microscopy was performed at the Virginia
Commonwealth University Department of Anatomy and Neurobiology Microscopy Facility.

Quantification of protein clusters
For quantification of Nav1.6 and gliomedin clusters, an area of immunofluorescence was counted
if it was brighter than background labeling and the length of the cluster measured between 0.5
and 2.0 μm. For quantification of Nfasc155 and contactin clusters, an area of
immunofluorescence was counted if it was brighter than background labeling and there were
either 2 adjacent clusters and a small unlabeled region or a single cluster that measured between
5 and 15 μm. Clusters that were not entirely within the FOV were excluded.
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The number of protein clusters was averaged per mouse for each protein. The average number
of clusters per mouse was used for statistical analysis by using a two-tailed t-test with
significance defined as p<0.05. The number of average clusters per animal, for all animals of
that genotype, was then averaged together to result in an average of protein clusters per genotype
at each age. For instance, three 7 day old WT sections were immunolabeled for pan-Nfasc, and
five images were taken for each mouse. The counts from each set of five images were averaged
and then an average of the three averages was calculated for an overall average for the 7 day WT
counts. This approach for quantifying cluster number is consistent with the approach previously
described by Shepherd et al. (2012). All data are reported as average of the average ± standard
deviation.

Electron microscopy
Number of animals
The number of WT and littermate CST KO mice used for longitudinal electron microscopy (EM)
is as follows: 4 days (n=2 WT/1 KO), 6-7 days (n=2 WT/2 KO), and 10 months (n=2 WT, 1
KO). The number of WT and littermate CST KO mice used for transverse EM is as follows: 4
days (n=4 WT/2 KO), 6-7 days (n=6 WT/5 KO), 15 days (n=2 WT/1 KO), 30 days (n= 2 WT/3
KO), and 10 months (n=5 WT/8 KO).
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Perfusion and tissue processing
Mice were anesthetized and perfused using the protocol as previously described with minor
modifications. Mice were transcardially perfused with 0.9% NaCl for 5 minutes to flush out the
blood followed by a solution of a 0.1 M Millonig’s buffer containing 4% paraformaldehyde and
5% glutaraldehyde (Electron Microscopy Services; Hatfield, PA) (pH7.3) for 20 minutes. Mice
were then submerged in the fixative solution for two weeks at 4°C to ensure optimal fixation.

The SN was then harvested and rinsed in 0.1M cacodylate buffer (Electron Microscopy Services;
Hatfield, PA) overnight to remove aldehydes. Tissue was post-fixed in 1% osmium tetroxide
(Electron Microscopy Services; Hatfield, PA) in 0.1M cacodylate buffer for one hour with
continuous agitation. The tissue was then rinsed three times in 0.1M cacodylate buffer followed
by dehydration in a series of dilutions of ethanol (30%-100%). Samples were incubated in
propylene oxide (Polysciences, Inc.; Warrington, PA) twice for 20 minutes each time, and left
overnight in a 1:1 mixture of propylene oxide and PolyBed epoxy resin (Polysciences, Inc.,
Warrington, PA). Tissue samples were then placed in 100% PolyBed for at least six hours and
then embedded in freshly prepared PolyBed. Prior to embedding the SNs, each nerve was cut
into 2 pieces. One piece was approximately 2 mm in length and collected at the level of the
sciatic notch and was embedded in a transverse orientation. The remaining piece, which
constituted approximately 5 mm distal to the 2 mm specimen, was used for the longitudinal
studies. Blocks were polymerized at 55°C for 48 hours and sectioned at 1 μm for transverse
studies by light microscopic analysis and 90 nm for transverse and longitudinal EM analysis
using a Leica UC6 microtome (Leica Microsystems, Inc., Exton, PA). The 1 μm sections were
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allowed to dry on a warm hot plate, stained with a toluidine blue solution, rinsed with water,
dried, and coverslipped with Permount (Fisher Scientific; Pittsburgh, PA). The 90 nm sections
were collected on 200 mesh copper EM grids and allowed to dry. The grids were placed in a
solution of 5% uranyl acetate in 50% methanol for seven minutes, rinsed three times in distilled
water, then placed in Reynold’s Lead Citrate Solution (Fisher Scientific; Pittsburgh, PA), a
mixture of lead nitrate, sodium citrate, and distilled water. The sections were removed after five
minutes, rinsed three times in distilled water, and allowed to dry.

Visualization
The 90 nm sections were visualized using a JEOL JEM1230 transmission EM (JEOL Ltd.;
Tokyo, Japan) equipped with a Gatan Ultrascan CCD camera (Gatan, Inc.; Pleasanton, CA). 1
μm sections were visualized using a Nikon Eclipse E800 microscope (Nikon Instruments Inc.;
Melville, NY) equipped with a RT Slider Spot camera (Diagnostic Instruments, Inc.; Sterling
Heights, MI), and all of the images of the 1 μm sections were collected using a 100x oil
immersion objective. Each light microscopic field dimension had a width of 118.4 μm and a
height of 88.8 μm.

To quantify the number of myelinated axons in the WT and KO SNs, 1µm sections were imaged
using the Nikon Eclipse 800 microscope. Image collection started at the edge of a piece of
tissue, and two to five non-overlapping, adjacent images were captured from each section.
Images were collected to capture the entire nerve and the variation in the number of images
collected was dependent on the cross sectional area of the nerve. For 1 μm sections, a total of 85
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images were collected and the total number of FOV per age group is as follows: 4 days of age13 images for WT animals and 7 images for KO animals; 7 days of age- 24 images for WT
animals and 23 images for KO animals; 10 months of age- 11 images for WT animals and 7
images for KO animals. Microscopy was performed at the Virginia Commonwealth University
Department of Anatomy and Neurobiology Microscopy Facility.

Quantification of 1 μm sections
Quantification of 1 μm sections was conducted as previously described (Forrest et al., 2009).
Briefly, the number of myelinated axons was counted per mouse at each age and genotype.
Based on previous work, only axons with a minimum of four myelin wraps would be resolved
using this technique.

Using the 1 μm transverse data, the number of myelinated axons per field was averaged per
mouse. Then, an average of these averages was determined per genotype at each age. For
instance, two 4 day old CST KO EM sections were counted, and five images were taken for each
mouse. The counts from each set of five images were then averaged. An average of the two
averages was determined for an overall average for the 4 day CST KO 1 μm counts. This
average is the number of myelinated axons per FOV, or density of myelinated axons, specific for
the 4 day CST KO.
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The averages of myelinated axons taken for each age group and genotype were comparable
between genotypes at each age range. The densities of the myelinated axons between the WT
and KO animals were determined to be comparable. We used the low-magnification images
(10x) to compare the actual size of the sciatic nerve between genotypes, which was also
determined to be comparable. Due to these results, we determined that the normalization of data
was not necessary.

Quantification of EM images
EM images of the axons were quantified at a magnification of 3,000x. EM images of the nodal
and paranodal regions were taken at magnifications ranging from 3,000x to 25,000x. Three
types of axons were quantified in the EM images: single myelinated axons, single unmyelinated
axons, and Remak bundles (groups of unmyelinated axons that are surrounded by a single basal
lamina). Within the Remak bundles, axons quantified were categorized as either “less than 1μm”
or “greater than or equal to 1μm”. Single axons were considered myelinated if myelin was
wrapped completely around the axon. Single axons were considered unmyelinated if the axon
was unmyelinated or if myelin was not completely surrounding the axon. Within Remak
bundles, each axon was measured and categorized as greater than/equal to 1μm or less than 1μm.

Data analysis
All data were statistically compared using 2 tailed t-tests comparing WT to KO values within an
age group.
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RESULTS

Our laboratory, in combination with our collaborators, have previously shown that in the CNS of
the CST KO mice, myelination is compromised (Marcus et al., 2006), the myelin-forming cell
population is enhanced (Shroff et al., 2009), and the stability of paranodal and nodal protein
clusters is significantly reduced (Ishibashi et al., 2002). More recently, unpublished findings
from our lab have shown that these mice also have a deficiency in the capacity to cluster nodal
and paranodal proteins in the PNS (Kwong and Dupree, unpublished), extending the
observations of Hoshi et al. (2007) who reported that the PNS node and paranode are structurally
abnormal in the young adult CST KO mice. Here, we analyze the capacity of the CST KO mice
to initiate myelination and formation of nodal and paranodal protein domains in the PNS.
Additionally, we provide preliminary evidence that stability of the myelin sheaths and cluster
maintenance are not compromised with age.

The caliber of the sciatic nerve is similar in the absence of sulfatide
Since all data collected and presented in this study were quantified as clusters per unit area, we
first determined whether the sciatic nerves in the CST KO mice were significantly different, with
regard to cross sectional area, from sciatic nerves of their WT littermates. For this analysis, low
magnification (using a 10X objective) light micrographs of the 1 µm sections were collected and
the cross sectional area of these nerves was statistically compared. To insure comparable
comparisons among tissue samples, all sections were taken at the level of the sciatic notch. No
difference in the cross sectional area was observed between genotypes at any of the ages studied,
indicating that the size of the nerves between WT and CST KO mice does not differ. At 4 days
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of age, mean WT and CST KO nerve areas measured 53,835.5 ± 8,101.3 µm2 and 54,066.4 ±
20,222.7 µm2, respectively; p= 0.99. At 7 days of age, mean WT and CST KO nerve areas
measured 86,037.9 ± 12,695.2 µm2 and 99,367.6 ± 11,822.5 µm2, respectively; p=0.11. At 10
months of age, mean WT and CST KO nerve areas measured 356,327.6 ± 15,484.6 µm 2 and
284,664.2 µm2, respectively. Although the cross sectional area data from the 10 month old KO
mouse is preliminary, the mean cross sectional area is within one standard deviation unit of the
mean cross sectional area calculated for the 10 month old WT mice suggesting that age does not
result in a significant difference. Presently, CST KO and WT mice are aging in order to analyze
a larger sample size so that a full statistical analysis can be conducted.

The number of myelinated axons is not reduced in the sciatic nerve of the CST KO mice
Although total cross sectional area was not different, this finding provides no evidence of the
number of myelinated axons that are generated in the CST KO mice as compared to the WT
mice. Since strong evidence indicates that contact between the myelin sheath and the axon is
required for normal protein clustering (Arroyo et al., 2004; Saito et al., 2003) and maintenance of
protein clustering (Ishibashi et al., 2002; Dupree et al., 2004), a quantified analysis of the number
of myelinated axons and a qualitative analysis of myelin formation was undertaken.

Using the 1 µm sections of the resin embedded nerves, the density per FOV of myelinated axons
in the 4 day old WT and CST KO mice was 186.38 ± 17.5 axons/FOV and 181.8 ±1.7
axons/FOV, respectively (p=0.64).

Additional analyses determined that the density of

myelinated axons at 7 days for the WT and CST KO mice was 219.2 ± 20.5 axons/FOV and
194.8 ± 24.2 axons/FOV, respectively (p=0.11). The numbers of myelinated axons at 10 months
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of age for the WT and CST KO mice was determined to be 112 ±0.52 axons/FOV and 110 ± 9.6
axons/FOV, respectively (Figure 1).

Therefore, based on the analysis of the 1 µm resin

embedded nerve samples, no difference was observed between cross sectional area or number of
myelinated axons between genotypes, strongly indicating that the absence of sulfatide does not
adversely affect sciatic nerve development with regard to the development of myelinated axons.
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Figure 1: The number of myelinated axons in was not altered in the WT and CST KO
sciatic nerve at 4 days, 7 days, or 10 months of age. Panels A, C, and E present cross
sections of WT sciatic nerve at 4 days, 7 days, and 10 months of age. Panels B, D, and F
present cross sections of CST KO sciatic nerve at 4 days, 7 days, and 10 months of age. There
was no difference found in the number of myelinated axons between genotypes for any age
group according to statistical analysis using a 2-tailed t-test. Scale bar = 1µm.
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Onset of myelination is not delayed in the absence of sulfatide
Analysis of the 1 micron sections indicated that the number of myelinated axons is not altered in
the PNS of the CST KO mice; however, light microscopy provides limited information regarding
myelin thickness and no information regarding the unmyelinated axons.

In fact, in a

collaborative effort, we have shown that the limitation of the resolution provided by light
microscopy is about 4 wraps of myelin (Forrest et al., 2009).

Therefore, to quantify all

myelinated and unmyelinated axons, electron microscopic analysis is required.

For this

approach, thin sections of the embedded sciatic nerves were cut, stained, and analyzed using the
transmission electron microscope; a minimum of 19 FOV were collected per genotype per age
and the number of myelinated and unmyelinated axons was determined.

Within the EM images, three types of axons were quantified: myelinated axons, single
unmyelinated axons located outside of Remak bundles, and unmyelinated axons located within
the Remak bundles. Within the Remak bundles, we counted axons that measured less than 1 µm
and axons that measured greater than 1 µm. It is generally accepted that axons greater than 1 µm
will be myelinated (Webster, 1971) and we wanted to observe if the CST KO contained a greater
number of unmyelinated axons larger than 1 µm in Remak bundles. Based on our ultrastructural
analysis, the average number of myelinated axons per FOV at 4 days of age was 10.9 ± 3.6 axons
in the WT mouse versus 9.9 ± 3.5 axons/FOV in the CST KO mouse. At 7 days of age, the WT
sciatic nerves contained 9.9 ± 2.0 myelinated axons/FOV compared to 8.1 ± 0.4 myelinated
axons/FOV in the CST KO mice. At 10 months of age, the WT mice contained 14.7 ± 4.2
myelinated axons/FOV compared to 14.1 ± 3.1 myelinated axons/FOV in the CST KO mouse.
For single unmyelinated axons, at 4 days of age, 6.1 ± 4.5 axons/FOV were observed in the WT
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mouse versus 2.1 ± 2.0 axons/FOV counted in the CST KO mouse. At 7 days of age, 3.0 ± 1.6
axons/FOV were counted in the WT mice versus 2.2 ± 0.2 axons/FOV counted in the CST KO
mice. At 10 months of age, 0.8 ± 1.0 axons/FOV were counted in the WT mice versus 0.42 ± 0.7
axons/FOV counted in the CST KO mouse. Analyzing the number of axons greater than 1µm
that are contained in the Remak bundles; i.e., axons that should be isolated and myelinated by
Schwann cells, we found that the CST KO mice had a larger percentage of these axons than did
the WT mice at 4 days (1.8% WT vs. 8.1% CST KO) and 7 days of age (2.6% WT vs. 5.6% CST
KO). These findings suggest that the lack of sulfatide may result in a subtle disruption in the
ability of the Schwann cell to establish a 1:1 relationship with an axon.

Myelin sheaths are significantly thinner in the sciatic nerve of the CST KO mice
Based on the number of myelinated axons observed in the neonatal CST WT and KO mice, onset
of myelination does not appear to be delayed. Next, we asked if the rate of myelination was
altered in the absence of sulfatide. To answer this question, we compared myelin thickness
between genotypes by quantifying the g ratio; the ratio between the width of an axon and the
thickness of the respective myelin sheath. Our lab has previously shown that as early as 15 days
of age, CST KO animals maintain a significantly larger g-ratio (thinner myelin) than their WT
littermates in the CNS (Marcus et al., 2006). Consistent with our CNS findings, preliminary
analysis of EM images indicates that CST KO animals have a larger g-ratio as compared to WT
animals at 4 days, 7 days, 15 days, and 1 month of age. At 4 days of age, 139 WT and 137 CST
KO myelinated axons were measured and the g-ratios calculated were 0.71 ± 0.06 in WT mice
vs. 0.75 ±0.07 in CST KO mice; p=9.1x10-7. At 7 days of age, 29 WT and 23 CST KO
myelinated axons were measured and the g-ratios calculated were 0.69 ± 0.05 in WT mice vs.
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0.75 ± 0.05 in CST KO mice; p=0.0005. At 15 days of age, 93 WT and 44 CST KO myelinated
axons were measured and the g-ratios calculated were 0.64 ± 0.09 in WT KO mice vs. 0.71 ±
0.06 in CST KO mice; p=7.1x10-7. At 1 month of age, 141 WT and 278 CST KO myelinated
axons were measured and the g-ratios calculated were 0.65 ± 0.07 in WT mice vs. 0.66 ± 0.08 in
CST KO mice; p=0.05. Surprisingly, at 10 months of age, the CST KO myelin sheaths exhibit a
reduced g-ratio compared the PNS WT myelin. At 10 months of age, 421 WT and 161 CST KO
myelinated axons were measured and the g-ratios calculated were 0.62 ± 0.06 in WT mice vs.
0.59 ± 0.06 in CST KO mice; p=3x10-5. See Figure 2.

Taken together, these electron microscopic qualitative findings confirm the light microscopic
quantified data indicating that the absence of sulfatide does not compromise sciatic nerve
development; however, the continued process of myelination is affected in the absence of this
lipid.
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Figure 2: The number of myelinated axons and unmyelinated axons did not differ between
genotypes in the sciatic nerves at 4 days, 7 days, and 10 months. Panels A, C, and E present
cross sections of WT sciatic nerve at 4 days, 7 days, and 10 months of age. Panels B, D, and F
represent cross sections of CST KO sciatic nerve at 4 days, 7 days, and 10 months of age.
Preliminary results reveal that in all age groups, CST KO mice were found to have a comparable
number of myelinated and unmyelinated axons in the sciatic nerves of WT and CST KO mice.
CST KO mice at all age groups had a larger percentage of unmyelinated axons >1µm than their
WT littermates.
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Myelin-axon adhesion at the internodal interface of the sciatic nerve is transiently
comprised in the CST KO mice
Although the number of both myelinated and unmyelinated axons is not altered by the absence of
sulfatide, approximately 10% of the myelinated axons in sciatic nerves of 7 day old CST KO
mice revealed a loss of myelin-axon adhesion (Figure 3). This loss of adhesion was not observed
at 4 days of age, rarely observed at 15 days of age (~1% 4 of 414 myelinated axons), and was not
observed by 10 months of age (Figure 3). In addition, redundant myelin, defined as extra myelin
that is typically observed as an outpouching of the myelin sheath frequently associated with
immature myelin, was also not prominently observed in any of the sciatic nerves of wild type or
KO mice at 4 days (7/227 for WT; 12/253 for KO), 7 days (3/305 for WT; 3/278 for KO); 15
days (3/388 for WT; 6/414 for KO); 30 days (7/231 for WT; 1/274 for KO) or 10 months (4/714
for WT; 1/322 for KO) of age. Moreover, compacted myelin sheath with small isolated islands
of cytoplasm was not observed at any age for either genotype.

Myelin-axon adhesions and the node and paranode are disrupted in the absence of sulfatide
The prevalence of the grossly enlarged periaxonal space at 7 days of age indicates that sulfatide
regulates adhesion between the myelin sheath and the axon. With this in mind, studies were
designed to further investigate the establishment and maintenance of myelin-axon interfaces in
the PNS of CST KO mice. Two prominent regions of myelin-axon contact are the paranode and
the node of Ranvier (Schafer & Rasband, 2006). Therefore, to investigate these regions of
myelin-axon contact, sciatic nerve samples were longitudinally embedded and sectioned. Initial
analysis of the longitudinal sections revealed that gross anatomical structure of the
node/paranode region was normally established and maintained throughout the life of the animal
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in the absence of sulfatide (Figure 4). As shown in Figure 4, paranodal loops, which are the
lateral extents of the myelin sheet, maintain cytoplasm, are orderly arranged at the myelin-axon
interface, and “bend” toward the axon with the loop of the last myelin wrap terminating closest
to the node. These structural features and organization are consistent with proper ultrastructure
of the node/paranode region (Peters et al., 1991). However, on closer observation, paranodal
junctions, which are prominently demonstrated by the presence of transverse bands, or septae, do
not form appropriately. At 4 days of age, transverse bands are not clearly demarcated in either
the WT or KO nerves. In the WT nerves, irregular densities are frequently observed in the
periaxonal space; these densities may constitute initial formation of transverse bands. Such
densities are not observed in the KO nerves. By 7 days of age, transverse bands are regularly
observed in the periaxonal space of adnodally and centrally positioned paranodal loops in the
WT nerves (Figure 5). The most abnodally positioned paranodal loops did not reveal transverse
bands. In contrast, transverse bands are rarely observed in the CST KO nerves at 7 days of age
or at any age studied (Figure 6).

In addition to the myelin-axon interfaces of the internode (Figure 3) and the node/paranode
(Figures 4-6), the myelin sheath also establishes contact with the axon at the node of Ranvier
through contact between the tips of the Schwann cell microvilli and the axolemma of the node
(Poliak & Peles, 2003; Rosenbluth, 1980b). Using the longitudinally sectioned samples, electron
microscopy was also used to analyze this myelin-axon interface. Consistent with a previous
report (Suzuki et al., 2004), the orientation of the Schwann cell microvilli is disrupted. In the
previous work, Suzuki et al. (2004) only analyzed mice at 4 and 22 weeks of age. Here, mice as
young as 4 days of age and as old as 10 months display abnormal orientation of Schwann cell
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microvilli. These findings strongly indicate that the microvilli are never oriented correctly in the
absence of sulfatide.
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Figure 3: Myelinated axons in the sciatic nerve of CST KO mice at 7 days exhibit splitting
of the myelin-axon interface along the internode. Panels A and C present cross sections of
WT sciatic nerves at 7 days and 15 days of age. Panels B and D represent cross sections of CST
KO sciatic nerve at 7 days and 15 days of age. Note the prevalence of myelin-axon splitting in
the 7 day old CST KO sciatic nerves (see black arrow). By 15 days of age, internodal integrity is
restored.
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Figure 4: The maintenance of the gross ultrastructure of the nodal and paranodal domains
of the CST KO mice at 7 days of age was determined by transmission electron microscopy.
Panels A and C present longitudinal sections of WT sciatic nerve at 7 days (panel A) and 15
days (panel C) of age. Panels B and D present longitudinal sections of CST KO sciatic nerve at
7 days (panel B) and 15 days (panel D) of age. At low magnification node and paranode
structure appears normal in the WT and KO sciatic nerves. Note that lateral loops are regularly
arrayed with the adnodal loop being formed by the most peripherally located wrap while the
most abnodal loop being formed by the most centrally positioned myelin wrap (see black
arrows). Although Schwann cell microvilli are formed in both the WT and KO mice, note that
the microvilli in the KO sciatic nerves do not bend toward and contact the axolemma (see blue
arrow). Scale bars for panels A-D = 1µm.
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Figure 5: Paranodal junctions do not form appropriately in the CST KO mice. Panels A
and C represent longitudinal section of WT sciatic nerve at 4 days (panel A) and 7 days (panel
C) of age. Panels B, D, E, and F represent longitudinal sections of CST KO sciatic nerve at 4
days (panel B), 7 days (panel D), 15 days (panel E), and 10 months (panel F) of age. At 4 days
of age, WT sciatic nerves exhibit electron densities in the periaxonal space (A. and inset: white
arrows). In the 4 day old sciatic nerves, the periaxonal space is void of any electron densities (B
and inset: black arrows) and the lateral loops do not contact the axolemma. By 7 days of age (C
and inset) transverse bands are clearly observed in the periaxonal space between the lateral loops
and the axolemma (C and inset: white arrows). Although transverse bands are clearly observed
in the WT sciatic nerves by 7 days of age, transverse bands are only rarely observed in the CST
KO sciatic nerves at any age (D, E, F and inset: black arrows). Note the rare presence of
transverse bands in the CST KO sciatic nerve at 7 days of age (D inset: blue arrow). In the inset
of Panel D, the lateral loops on either side of the loop with transverse bands lacks the septa and
fail to contact the axolemma. Scale bars for panels A-D = 100 nm; 200 nm for panels E and F.

74

A.

B.
4d
CST
KO

4d
WT

C.

D.

E.

F.

7d
WT

15d
CST
KO

7d
CST
KO

10m
CST
KO

75

Nodal clustering of sodium channels is transiently altered in the sciatic nerve of the CST
KO mice
Analysis of the node/paranode region revealed an ultrastructural disruption in the myelin-axon
interface in the CST KO mice as early as 4 days of age. Since contact between the myelin sheath
and the axon has been implicated as regulator of node and paranode protein domain formation
(Dupree et al., 1999; Rosenbluth, 1990a), we used immunocytochemical analyses to determine
whether the formation of these domains was compromised in these mutant mice. For this
analysis we analyzed clustering of Nav1.6 sodium channels, which are the sodium channels that
cluster in mature nodes of Ranvier in the PNS. Nodal sodium channels are the ion channels
responsible for propagation of the electric signal required for interneuronal communication and
ultimately, nervous system function (Goldin, 2001). Since previous work has demonstrated that
at least two mechanisms are responsible for the clustering of these channels (Feinberg et al.,
2010), we also investigated the formation and stability of the protein domains that regulate these
distinct, but perhaps complementary, clustering mechanisms. The first clustering mechanism is
mediated by neurofascin155 and contactin while the second clustering mechanism is mediated
through gliomedin.

Previous work by Hoshi et al. (2007) found that at 4 weeks of age in the PNS of the CST KO,
sodium clusters are not significantly reduced versus the WT. Work in our lab (Kwong et al.,
unpublished) confirmed these results at 30 days and 15 days of age. Since Hoshi et al. (2007)
reported that the lengths of the nodal clusters were significantly elongated and the lengths of the
paranodal clusters were significantly shortened, we hypothesized that these clusters were
immature and that this immaturity may result from a retarded cluster initiation. Therefore, we
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analyzed younger mice to determine whether either nodal or paranodal cluster formation was
altered. At 4 days of age, the average number of Nav1.6 clusters/FOV did not differ significantly
between WT and CST KO animals (4.2 ± 3.0; 4.3 ± 2.1; p=0.94). Similarly, we observed no
difference in the average number of gliomedin clusters between genotypes (9.9 ± 5.3; 10.0 ± 3.3;
WT and KO respectively; p=0.99). In contrast, the average number of paranodal Nfasc155
clusters was significantly decreased in the CST KO versus the WT animals (2.3 ± 1.6; 0.2 ± 0.3;
p=0.04), but, the average number of contactin clusters was not significantly different between
WT and CST KO animals (0.7 ± 0.7; 0.5 ± 0.4; p=0.60). (See Table 1 and Figures 6 and 7.)

Based on the previous report that at least two mechanisms regulate the clustering of sodium
channels at the node of Ranvier, we proposed that continued clustering of sodium channels
would not be adversely effected even in the presence of reduced paranodal Nfasc155 clustering.
Surprisingly, at 7 days of age, the average number of Nav1.6 clusters was significantly decreased
in the CST KO versus the WT animals (4.6 ± 3.1; 0.8 ± 1.0; p=0.03). However, the clustering of
the proteins implicated in regulating sodium channel clustering was not reduced. The average
number of gliomedin clusters did not differ significantly between WT and CST KO animals
(10.4 ± 5.1; 6.0 ± 5.3; p=0.17).

The paranodal proteins showed no differences between the CST KO and the WT mice at 7 days
of age. The average number of Nfasc155 clusters did not differ significantly between WT and
CST KO animals (1.3 ± 1.3; 0.2 ± 0.3; p=0.09). The average number of contactin clusters did
not differ significantly between WT and CST KO animals (2.7 ± 4.7; 0.3 ± 0.6; p=0.27). (See
Table 2 and Figures 8 and 9.) Together, these findings indicate that initial sodium channel
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clustering is not dependent on sulfatide. Of the proteins that have been implicated in regulating
sodium channel clustering in the PNS, only Nfasc155 requires the presence of this lipid.
However, our findings suggest that early maintenance of sodium channels is dependent on
sulfatide and that a mechanism independent of Nfasc155, gliomedin and contactin may be
regulating this early domain maintenance.

To determine the fate of both paranodal and nodal protein clusters with age, we quantified the
density of protein domains at 10 months of age. By 10 months, the average number of Nav1.6
clusters did not differ significantly between WT and CST KO animals (3.3 ± 1.2; 3.0 ± 1.1;
p=0.79). Similarly, the average number of Nfasc155 (2.1 ± 1.0; 1.0 ± 0.8; p=0.20), gliomedin
clusters (2.3 ± 1.3; 1.9 ± 0.3; p=0.71) and contactin clusters (1.2±0.7; 1.6±0.5; p=0.49) did not
differ significantly between WT and CST KO animals. (See Table 3 and Figures 10 and 11.)
Together, these data suggest that sulfatide is required for the efficient early clustering of
Nfasc155 but not sodium channels, gliomedin or contactin. Although not required for initial
clustering, sulfatide is required for the early maintenance of these channel domains but long term
maintenance of the protein domains of the node and paranode are independent of sulfatide in the
PNS, which is in contrast to the CNS (Ishibashi et al., 2002).
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Table 1: Counts of protein clusters at 4 days of age.
WT

CST KO

p-value

Nav1.6

4.2 ± 3.0

4.3 ± 2.1

0.94

NFCT

2.3 ± 1.6

0.2 ± 0.3

0.04

gliomedin

9.9 ± 5.3

10.0 ± 3.3

0.99

contactin

0.7 ± 0.7

0.5 ± 0.4

0.60

Figure 6: Counts of protein clusters at 4 days of age. Error bars indicate 1 standard
deviation. * indicates p<0.05.
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Figure 7: At 4 days of age the number of Navch, gliomedin, and contactin clusters is
comparable between WT and CST KO sciatic nerves while the number of Nfasc155
clusters is significantly in the absence of sulfatide. Using immunocytochemical labeling,
Navch (red; A and B) immunoreactivity was observed in the discrete clusters that were between
0.5 and 2 µm in length. Using this criteria, no difference was observe in the number of clusters
between the genotypes. Nfasc155 clusters were identified as either single, elongated clusters or
paired clusters separated by a space lacking labeling. Based on these criteria, the number of
Nfasc155 paranodal clusters was significantly reduced in the CST KO sciatic nerves (B). Note
that single, small clusters of anti-neurofascin reactivity are observed in the CST KO tissue. Note
that the antibody recognizes both glial (Nfasc155) and neuronal (Nfasc186) forms of the gene;
the labeling pattern observed in Panel B (small, single clusters) is indicative of nodal labeling of
Nfasc186 and not Nfasc155. Panels C and D reveal that immunoreactivity against gliomedin
(red) was prominently and equally observed in both CST WT and KO mice. Contactin labeling
was rarely observed at this age.
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Table 2: Counts of protein clusters at 6-7 days of age.
WT

CST KO

p-value

Nav1.6

4.6 ± 3.1

0.8 ± 1.0

0.03

NFCT

1.3 ± 1.3

0.2 ± 0.3

0.09

gliomedin

10.4 ± 5.1

6.0 ± 5.3

0.17

contactin

2.7 ± 4.7

0.3 ± 0.6

0.27

Figure 8: Counts of protein clusters at 6-7 days of age. Error bars indicate 1 standard
deviation. * indicates p<0.05.
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Figure 9: Nfasc155, gliomedin, and contactin cluster normally while Navch clustering is
decreased in the CST KO mice at 7 days of age. At 7 days of age, immunoreactivity against
Navch (red; panels A and B), Nfasc155 (green, panels A and B), gliomedin (red, panels C and
D), and contactin (shown in green, panels C and D) revealed no difference in clustering for any
of the proteins of interest with the exception of Navch which were significantly reduced in the
CST KO mice.
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Table 3: Counts of protein clusters at 10 months of age.
WT

CST KO

p-value

Nav1.6

3.3 ± 1.2

3.0 ± 1.1

0.79

NFCT

2.1 ± 1.0

1.0± 0.8

0.20

gliomedin

2.3 ± 1.3

1.9 ± 0.3

0.71

contactin

1.2 ± 0.7

1.6 ± 0.5

0.49

Figure 10: Counts of protein clusters at 10 months of age. Error bars indicate 1 standard
deviation.
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Figure 11: Navch, Nfasc155, gliomedin, and contactin cluster normally in the CST KO mice
at 10 months of age. By 10 months of age, immunoreactivity against Navch (red; panels A and
B), Nfasc155 (green, panels A and B), gliomedin (red, panels C and D), and contactin (green,
panels C and D) revealed no difference in the number of clusters between the WT and CST KO
sciatics.
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DISCUSSION

In this project, we have analyzed the effect that knocking out the enzyme responsible for
producing 3’-O-sulfogalactosylceramide (“sulfatide”) has on the development and maintenance
of myelinated axons in the PNS. The findings indicate that sulfatide is not essential for the
developmental onset of myelin formation but the continued process of myelination requires
sulfatide as the sheaths are significantly thinner in the absence of this lipid. Additionally, the
myelin-axon interfaces along the internodal region and in the paranode and node of Ranvier
initially form appropriately; however, the integrity of all three of these interfaces is compromised
as the PNS continues to develop. Whereas the adhesion along the internode is only transiently
lost, the myelin-axon interfaces in both the paranode and node remain disrupted throughout the
animal’s life as transverse bands are rarely observed and the Schwann cell microvilli do not
display proper orientation and do not contact the nodal axolemma.

Consistent with the

disruption of the paranodal junctions, the clustering of the myelin paranodal protein Nfasc155
was initially inhibited but was restored to levels comparable to WT mice within the first week of
life. In contrast, clustering of gliomedin, a Schwann cell microvilli protein that mediates binding
between the microvilli and the nodal axolemma, is normal although microvilli adhesion is
altered. Interestingly, sodium channel clustering was initially comparable between genotypes (4
days) but was transiently reduced in the KO (significantly reduced at 7 days but restored by 10
months). Presently, it remains to be determined why sodium channel clusters were transiently
lost. A possible explanation will be discussed.
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Sulfatide is not required for PNS myelination but is necessary for the stabilization of myelin
In 1987, Ranscht and colleagues reported that GalC, the galactolipid precursor of sulfatide, is
required for the myelination of axons by SCs. These authors subjected cultured dorsal root
ganglion neurons to a GalC antibody and reported that the processes of radial sorting, axon
ensheathment, and basal lamina synthesis were not disrupted. However, the antibody treatment
prevented the appearance of more than 99% of the myelin sheaths. Although not sulfatide, this
study implicated a role for myelin galactolipids in regulating the process of myelination (Ranscht
et al., 1987).

Although not conducted with PNS systems, similar perturbations approaches have been used to
investigate the role that sulfatide plays in CNS development. As presented in the Introduction of
this thesis, these studies yielded varying results ranging from development inhibition to
stimulation (Bansal et al., 1988; Bansal and Pfeiffer, 1989; Bansal and Pfeiffer, 1994), thus
leaving unresolved the role of sulfatide in development of myelin and myelin-forming cells. It is
important to note that these in vitro studies are accompanied with certain caveats such as: does
the antibody interact non-specifically? Does the antibody-antigen interaction elicit an inhibition
or an activation of the antigen? and Does the formation of the antibody-antigen complex alter the
function of neighboring molecules (i.e. is the observed effect the result of altered function of the
desired target or altered function of an unknown target through an indirect interaction)? Such
confounding caveats complicate interpretation of the in vitro perturbation studies. However, our
in vivo observations support the findings of Ranscht and colleagues (1987) as the neonatal CST
KO mice appropriately initiated radial sorting and myelination onset while continued
myelination, at least for the first week of life, was impaired (thin myelin). Keeping in mind that
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the findings are preliminary, our results revealed a slight increase in the number of unmyelinated
axons with a diameter greater than 1 µm. A significant increase in this class of axons would
indicate inefficient radial sorting; however, we propose that the absence of sulfatide is unlikely
to disrupt the establishment of the 1:1 relationship between a SC and its target axon as the
number of myelinated axons was comparable between genotypes at all ages. A more in-depth,
quantitative investigation is in progress.

It is somewhat confounding that no difference was observed with regard to myelin thickness in
the PNS of CGT KO mice (Dupree et al., 1998b). Since the CGT KO mice lack GalC and
sulfatide, it seems intuitive that these mice would present similar phenotypes. One explanation is
that the work of Dupree et al. (1998) provided only a qualitative assessment with regard to
myelin thickness indicating that, in contrast to the CNS, the myelin sheaths of the PNS were not
dramatically thinner.

It is also important to point out that the CST KO mice exhibit the

difference in myelin thickness within the first week of life and myelin thickness in the CST KO
mice at least “catches up” and perhaps surpasses myelin thickness of their WT littermates. The
previous report by Dupree et al. (1998) was limited to 1 month old mice. Based on the current
findings, it would be interesting to conduct a quantitative analysis of myelin thickness of the
PNS of the CGT KO mice including neonatal (first week of life), adolescent (1 month), and
young adult mice (3 months). Analysis of aged CGT KO mice is not possible as none of these
mice survives beyond 4 months with 50% of the animals dying by 30 days of age (Dupree et al.,
1998a).
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Although the onset of PNS myelination does not appear to require sulfatide, this lipid may be
required to efficiently continue myelin synthesis, at least during the early stages of the process.
At both 4 and 7 days of age, the quantified g-ratios were significantly thinner in the CST KO
mice, strongly indicating that proper myelin formation is impaired. Since numerous myelin gene
mutants reveal thin myelin (Low and McLeod, 1975; Readhead and Hood, 1990; Martini et al.,
1995; Coetzee et al., 1996; Rosenbluth et al., 2006), the hypomyelinating phenotype is not
surprising particularly in light of thin myelin in the CNS of these mice (Marcus et al., 2006).
Although the mechanisms that regulate that formation of thin myelin may different among the
mouse mutants, perhaps the simplest explanation is that that myelin formation is impaired when
the stoichiometry of the myelin components becomes too skewed to continue forming myelin.

In contrast to hypomyelination, we have observed hypermyelination in the 10 month old CST
KO mice. It is important to note that this finding results from a very low sample size (2 WT; 1
KO) and mice are currently being aged to further exam this observation. However, accepting
that thick myelin is an established feature of the CST KO PNS, what mechanism may mediate
this result? Several studies have reported hypermyelination in murine models (Flores et al.,
2008; Cotter et al., 2010; Tersar et al., 2010; Furusho et al., in press) but these mice all exhibit a
disruption in signaling pathways that regulate myelin formation. To our knowledge, this report
is the first to present a murine model with a disruption in a gene that encodes a myelin
component that results in hypermyelination. Although sulfatide is a myelin component, it may
also be involved with signaling mechanisms (Bansal et al., 1999). Sulfatide is a sphingolipid,
which is a class of lipids that are prominent components of domains known as membrane or lipid
rafts (Simons, 1997). These domains are small, labile membrane clusters of proteins and lipids
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that provide a mechanism by which the cell regulates the interaction of signaling molecules
(reviewed by Dupree and Pomicter, 2010). Interestingly, some of the signaling pathways that
have been disrupted and that have resulted in thick myelin sheaths have been tied to membrane
rafts. For example, the disc large 1 (DLG1) signaling pathway requires the interaction between
DLG1 and PTEN. When this interaction is disrupted, the control of myelin thickness is lost and
thick PNS myelin is formed (Cotter et al., 2010). Since both PTEN and DLG1 have been
identified as potential raft constituents (Zhuang et al., 2005; Round et al., 2005), we propose that
signaling mechanisms that regulate myelin thickness may be disrupted thus resulting in a failure
to terminate the myelination process.

In contrast to our findings, Hoshi et al. (2007) found that the g-ratio in the PNS of CST KO mice
at 22 weeks of age was unchanged. The apparent discrepancy between our findings and the
previous study remains unexplained; however, as the present findings indicate, the initial
sulfatide deficient myelin sheaths are thin and at some point surpass the WT sheaths. It is
possible that the age at which the “catching up” occurs corresponds to 22 weeks of age. This
possibility is consistent with our observation that the g-ratios at 1 month of age indicate a
convergence between the genotypes.

In order to coincide our findings with Hoshi et al. (2007), the process of myelination would need
to be inhibited early in life without altering myelination onset. Then, during adolescent life, the
rate of myelin formation would increase in order to reach normal levels of myelin thickness.
Finally, the termination of myelin formation would be impaired resulting in abnormally thick
myelin. Although this seems an unlikely scenario, multiple signaling mechanisms that are
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temporally distinct are regulated by raft recruitment and exclusion. These findings and this
proposed hypothesis to explain the findings present an interesting avenue of further research.

Sulfatide is required for proper myelin-axon adhesion at the internode
In addition to the apparent loss of control of myelin formation in both the neonatal and adult
mice, the absence of sulfatide also results in the loss of myelin-axon adhesion. At 7 days and 15
days of age, the CST KO mice exhibited internodal splitting between the axolemma and the first
wrap of the myelin sheath in ~10% and ~1%, respectively, of myelinated axons. Similar
splitting was also reported in the PNS of the CGT KO mice at 10 days of age (Dupree et al.,
1998b). Since the CGT KO mice lack both GalC and sulfatide, Dupree et al. (1998) were unable
to attribute this pathologic observation to a specific lipid. Based on the findings reported in this
study, it can be concluded that sulfatide regulates the internodal adhesion between the axon and
the myelin sheath. Since the degree of splitting is dramatically reduced by 15 days of age and is
not observed by 10 months of age, we conclude that sulfatide’s regulation of this interface
maintenance is transient and other mechanisms are in place to ensure the maintenance of
internode integrity. Although our findings indicate a role for sulfatide, it cannot be concluded
that GalC does not also play a role; however, the role would not be complementary since the
incidence of splitting was equal in both the CST and CGT KO mice.

Similar to our observations in the PNS, Coetzee et al. (1998) reported splitting between the axon
and the myelin sheath in the CNS of CGT KO mice. In contrast to the CST KO animals, the
splitting in the CNS was not transient; it was first observed at 24 days of age and the incidence of
splitting increased with age and the splitting appeared to result in wide-spread demyelination

93

(Coetzee et al., 1996; Dupree et al., 2004). Marcus et al. (2006) reported limited splitting in the
CNS of CST KO mice but it was only observed in adult mice and fewer than 5% of the
myelinated axons exhibited the defect. Taken together, it appears that sulfatide plays a role in
maintaining internodal adhesion in both the PNS and the CNS; however, its roles in the 2
systems are temporally distinct.

Although the data implicate a role for sulfatide in mediating axon-myelin adhesion, it remains
unclear how sulfatide manages this function. One possibility is that sulfatide binds directly with
an axonal ligand. Sulfatide has been shown to bind a variety of proteins (Colognato et al., 2002;
Pesheva et al., 1997; Vos et al., 1994; Oh, et al., 1996); however, to our knowledge there is no
evidence that sulfatide has an axonal ligand. Even though axonal ligands for sulfatide have not
been identified, this does not rule out the possibility as studies have shown that lipids are capable
of directly mediating myelin-axon adhesion. The best example of this lipid-based adhesion
involves the axonal lipids known as gangliosides that bind the myelin protein MAG (Yang et al.,
1996). As discussed in the Introduction, MAG is located in the first wrap of myelin fortuitously
positioning this protein to mediate myelin-axon adhesion along the internode. Mice that lack
MAG do not exhibit internodal splitting, which would argue against the ganglioside-MAG
interaction playing a major role in maintaining the internode. However, mice that lack both
MAG and the galactolipids exhibit extensive internodal splitting even at an age that the
galactolipid null mice exhibit no loss of internodal integrity. These findings strongly suggest
that MAG, perhaps through its interaction with axonal gangliosides, and the galactolipids have
compensatory roles in maintaining the internodal stability (Marcus et al., 2002).
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An alternative possibility to sulfatide regulating axon-myelin adhesion through direct interaction
is that sulfatide indirectly mediates adhesion by regulating the availability of molecules that bind
axonal ligands. In the CNS, our laboratory has shown that in the CST KO mice Nfasc155
neither clusters normally in the paranode nor establishes stable paranodal domains (Marcus et al.,
2006, Pomicter et al., 2010).

Consistent with this abnormal localization, we also have

unpublished data showing an abnormal accumulation of Nfasc155 in the cell bodies of the
oligodendrocytes (Shroff and Dupree, unpublished observation) suggesting that sulfatide may
mediate protein trafficking (Scheiffle et al., 1997; Simons et al., 1997; Surma et al., 2011).
Similar conclusions have also been surmised based on the observation that that PLP and sulfatide
co-localize in transport vesicles and following inhibition of glycosphingolipid synthesis,
trafficking of PLP to the myelin membrane is prevented (Brown et al., 1993; Pasquini et al.,
1989). Therefore, sulfatide may play a part in the transporting the contents of membrane rafts to
their proper destinations. Thus, even though sulfatide may not directly interact with molecules
expressed along the axonal internodal, sulfatide may mediate internodal stability by regulating
the distribution of cell adhesion molecules such as Nfasc155.

In addition to MAG and Nfasc155, the Necl proteins have been also been implicated in
mediating internodal adhesion in the PNS. The Necl proteins are localized to the paranodal
loops, SLI, juxtaparanode, internode, and adaxonal membrane of SCs. More pertinent for this
discussion, the myelin-axon interaction of Necl1 and Necl4 occurs along PNS internode and a
loss of the Necl4-Necl1 interaction results in a significant reduction in the number of myelinated
segments (Spiegel et al., 2007). Consistent with our finding in the CNS with regard to the
myelin-axon adhesion protein Nfasc155, it is a possibility that sulfatide could regulate
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expression, distribution or function of MAG or the Necl proteins, thereby indirectly affecting
internodal adhesion.

Sulfatide is required for the formation of paranodal junctions
In addition to mediating myelin-axon interactions along the internode, our data also implicate a
role for sulfatide in mediating paranodal interactions. Clusters of Nfasc155, the myelin protein
that accumulates in the paranode and binds to the Caspr1/contactin heterodimer of the axon (Tait
et al., 2000), were significantly decreased at 4 days in the CST KO versus the WT mice,
demonstrating that the initiation of Nfasc155 clustering is a sulfatide-dependent mechanism. As
a component of the protein trimer that mediates paranodal myelin-axon binding, reduced
clustering of Nfasc155 suggests that the formation of paranodal junctions is compromised.
Confirming this assertion, our electron microscopic analyses showed that transverse bands,
prominent components of paranodal junctions (Peters et al., 1991), rarely form in the PNS of the
CST KO mice. Our laboratory has previously reported similar findings for these mice in the
CNS (Marcus et al., 2006), indicating that sulfatide may have similar functions in the
oligodendrocytes and the Schwann cells.

Sulfatide is necessary for correct orientation of the Schwann cell microvilli
In both the CNS and the PNS, the myelin sheath contacts the axon along the internodal interface
and at the paranode. Unlike the CNS, PNS myelin also interacts with the axon at the node of
Ranvier. Finger-like structures elongate from the most peripheral wraps of the myelin sheath
and extend toward the nodal region (Peters et al., 1991). These myelin extensions are known as
Schwann cell microvilli and the interaction between the SC microvilli is mediated by gliomedin
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on the microvilli and Nfasc186 on the nodal axolemma (Eshed et al., 2005; Labasque et al.,
2011). Previously, Hoshi et al. (2007) found that in the 22-week-old CST KO, microvilli
densely covered the nodes of Ranvier but the orientation of the microvilli was disrupted. Here,
we confirm that SC microvilli orientation is disrupted in the absence of sulfatide; however, we
extend the previous findings by showing that the microvilli never establish appropriate
orientation. Thus, sulfatide is required for normal initial development of the nodal region. It
remains unknown whether sulfatide is required for maintenance of nodal structural integrity.
Interestingly, other proteins that localize to the SC microvilli; specifically, ezrin, radixin and
moesin (ERM proteins) (Melendez-Vasquez et al., 2001), displayed normal distribution in the
CST KO PNS (Hoshi et al., 2007). Hoshi et al. (2007) concluded that normal distribution of the
ERM proteins indicated that the microvilli molecular structure was not disrupted and that the
microvilli could closely associate with the axons in the CST KO nodes. Similarly, we show that
gliomedin clusters normally in the CST KO mice but the microvilli do not display appropriate
orientation and do not contact the axon node. Together, our current findings in concert with
Hoshi et al. (2007) suggest that microvilli structure is conserved and the protein that mediates
axonal binding is properly positioned but myelin-axon adhesion remains compromised. Thus, it
remains unexplained how the absence of sulfatide could inhibit binding between the microvilli
and the axon; however, we have evidence in our lab that sulfatide is responsible for the proper
anchorage of certain myelin proteins (Pomicter et al., in preparation). Using a novel detergent
extraction technique, our findings suggest that sulfatide may regulate how a protein is anchored
in the myelin membrane.

Perhaps, inappropriate anchorage could inhibit proper function

including ligand binding. This hypothesis will be further explored in subsequent studies.
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It is also possible that proteins other than the ERM proteins and gliomedin are involved in
regulating microvilli organization and function. For example, Saito et al. (2003) showed that in
the absence of dystroglycan (DG), a peripheral membrane protein expressed by SC that interacts
with the extracellular matrix protein laminin 2 (Yamada et al., 1994) and associates with moesin
at the node of Ranvier, microvilli were disorganized, blunted, or in some cases, absent (Saito, et
al., 2003). It remains unexplored whether the function of dystroglycan is related to sulfatide;
however, given the similarities between the CST KO and dystroglycan KO mice, it would be an
interesting future project to analyze the expression of dystroglycan and its binding partner,
laminin 2, at the SC in CST KO mice.

Sulfatide is required for the initiation of the clustering of paranodal Nfasc155 but not nodal
Nav1.6
Previous work in the CNS of the CST KO mice indicated that both nodal (Ishibashi et al., 2002)
and paranodal (Marcus et al., 2006; Pomicter et al., 2010) protein clustering is dependent on
sulfatide. Using a similar approach, Hoshi et al. (2007) reported that paranodal and nodal
proteins clustered in the PNS of the CST KO mice but that paranodal clusters were shortened and
nodal clusters were elongated at 4 and 22 weeks of age. Since different mechanisms appear to
regulate initial protein clustering versus maintenance of clusters, we investigated clustering in
neonatal CST KO mice. We chose 4 day old mice as our initial age for investigation since
sulfatide is first detected in the PNS at this time (Ranscht et al., 1982). Since initial clustering of
Nfasc155 was delayed by the lack of sulfatide but clustering of gliomedin was normal, we
propose that distinct mechanisms regulate paranodal and nodal clustering and that unlike nodal
clustering, paranodal clustering is sulfatide-dependent. Additionally, paranodal clustering of the
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axonal protein was not altered but Navch clustering was initially unaffected but was transiently
delayed.

Feinberg et al. (2010) proposes that there are two mechanisms that mediate Navch nodal
clustering. One mechanism states that the clustering of Navch at nodes is dependent upon the
presence of gliomedin, NrCAM, and Nfasc186, as the ablation of any of these proteins results in
a failure of Navch clusters to form. The second mechanism, paranodal restriction, states that the
paranodal axoglial junction acts to restrict Navch to the nodal region, showing that Navch will be
incorrectly localized to the paranode in absence of Caspr (Feinberg et al., 2010). Moreover,
Feinberg et al. (2010) demonstrated that when one of these mechanisms was disrupted, normal
Navch clustering would still occur but the clustering would be directed by the complementary
mechanism. In the CST KO mice, Nfasc155 clustering was significantly decreased at 4 days of
age; however, Navch clustering was not altered. Importantly, nodal clustering of gliomedin, one
of the proteins that mediate the second clustering mechanism, was not compromised, suggesting
that the gliomedin-related mechanism of Navch clustering remained viable. The significant
reduction of Navch clustering at 7 days of age is more difficult to explain. Neither Nfasc155 nor
gliomedin clustering is altered suggesting that both mechanisms of Navch clustering are intact.
Two possible explanations exist. First, it is possible that a third, yet to be identified, mechanism
also plays a role in Navch clustering and this clustering is sulfatide-dependent but also a
disruption of this mechanism results in only a transient delay in clustering. Secondly, it is
possible that although gliomedin is localized properly, its function is compromised as evidenced
by the disorganization of the microvilli or by the improper distribution of gliomedin’s ligands—

99

Nfasc186 and NrCAM. Presently, continued work in our lab is investigating the distribution of
NrCAM in the PNS of the CST KO mice.

In conclusion, the findings from this study show that sulfatide is not essential for myelination but
is required for both the establishment and maintenance of the myelin-axon interfaces of the
internode, the paranode and the node of Ranvier in the PNS. Although the requirement for
sulfatide in maintaining internodal integrity appears transient, the lipid is required for paranodal
and nodal structure throughout the life of the animal. With regard to the internode, normal
myelin-axon interfaces are well established in the neonatal mice but, for undetermined reasons,
is compromised during the process of continued myelination. Equally perplexing is that the
structural integrity of this region is re-established and maintained throughout the life of the
animal. In contrast the node and paranode are grossly formed appropriately—lateral loops
present in an orderly array and “bend” toward the axon and the nodal gap is established and
preserved and densely covered by Schwann cell microvilli.

Although gross structure is

preserved, transverse bands are rarely formed and the microvilli do not contact the nodal
axolemma indicating that sulfatide is required for proper formation of these domains throughout
the life of the animal.

In contrast, sulfatide appears to play a less essential role in the

establishment and maintenance of the molecular organization of both the node and paranode.
Whereas Nfasc155 exhibits a slight delay in initial paranodal clustering, the level of clustering is
quickly restored. Similarly, a loss of Navch clustering is transiently observed at 7 days of age but
clustering is restored in the adult animal. By combining these findings with previous work from
our lab (Marcus et al., 2006) and from a collaborative study (Ishibashi et al., 2002), sulfatide
plays a more vital role in regulating both myelination and protein domains formation and
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maintenance in the CNS as compared to the PNS. The reason for this difference remains to be
determined.
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